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ABSTRACT
Baisie, Emmanuel Ayensu. MODELING, SIMULATION, AND OPTIMIZATION OF
DIAMOND DISC PAD CONDITIONING IN CHEMICAL MECHANICAL
POLISHING. (Major Professor: Dr. Zhichao Li ), North Carolina Agricultural and
Technical State University.

Chemical Mechanical Polishing (CMP) is a major manufacturing step extensively
used to planarize and smooth silicon wafers upon which semiconductor devices are built.
In CMP, the polishing pad surface is glazed by residues as the process progresses.
Typically, a diamond disc conditioner is used to dress the pad to regenerate newer pad
asperity and a desired surface profile in order to maintain favorable process conditions.
Conditioner selection and the determination of the optimal conditioning parameter
values to yield a desired pad surface still remain difficult problems. Various analytical
process models have been proposed to predict the pad surface profile. However, not
much work has been done concerning the incorporation of conditioner and pad design
features in these analytical models. This research sought to address the concern about the
lack of models that are reliable enough to be used for verification and optimization of the
process.
In this research, two kinematic models were developed to predict the pad surface
profile due to conditioning. One model was developed using a surface element approach
and the other by characterizing the diamond disc conditioning density distribution. Three
metrics; Total Thickness Variation, Bow, and Non-Uniformity, were defined and utilized
to evaluate the resulting pad surface profile characteristics. Experimental data confirmed
that both models were able to simulate the kinematics of diamond disc pad conditioning

and accurately predict the pad surface profile. However, a slightly skewed deviation of
the simulation results corroborated the suspicion that, deformation of the microporous
pad could affect the pad surface profile.
Thus, a 2-D image processing procedure was developed to characterize the
morphological and mechanical properties of microporous Class-III CMP pads. Pad
characterization data was incorporated into a 2-D axisymmetric quasi-static finite element
model to investigate effects of process parameters such as stack height, pad stiffness, and
conditioning pressure on the pad deformation with enhanced fidelity. Simulation results
were consistent with literature and showed that the pad profile was affected by
deformation due to conditioning.
Since the conditioner design also has a significant effect on the pad conditioning
process, a new metric to evaluate the pad surface texture generated by a specific
conditioner design was developed. The metric was applied in a genetic algorithm (GA) to
optimize conditioner design parameters including geometric arrangement of diamonds,
grit density and disc size. The GA model was able to find design parameter values that
produced better CMP pad surface textures.
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CHAPTER 1
INTRODUCTION

1.1

Semiconductor Industry Trends and Challenges

Today, semiconductor devices are pervasive in a wide range of industries
including computers, communications, aerospace, manufacturing, agriculture, and
healthcare. Semiconductor manufacturing technologies are essential to the success in the
production of next-generation integrated circuits (IC) (Texas Semiconductor Industry
Report, 2007). These enable harnessing of information technology by creating improved
components for computing systems and also better interface devices for human-computer
interactions. From its inception around 40 years ago, the industry has grown to become
very large, with billions of dollars (over $20 billion in 2010 (Wilson, 2011)) invested in
only its research and development (Ballhaus et al., 2009). The importance of the
semiconductor industry today lies in the fact that it is so intensively present in everyone’s
life.
Microfabrication (originally based on structuring the surface of silicon) remains
the basic manufacturing technology of the semiconductor industry. The semiconductor
business model has been driven by “Moore’s Law” which predicts that the number of
transistors the industry would be able to place on a computer chip would double every
two years. While originally intended as a rule of thumb in 1965, it has become the
guiding principle for the industry to deliver ever-more-powerful semiconductor chips at
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proportionate decreases in cost. A report by Price Waterhouse Coopers (Ballhaus et al.,
2009) states that companies would continue to carry out R&D focusing on even smaller
feature sizes, more functionality per chip, lower power consumption and less expensive
production .
The International Technology Roadmap for Semiconductors (ITRS) provides
further details on perspectives and challenges for the future (ITRS Roadmap Committee,
2010). Currently, system solutions are sought to develop new industries and applications,
and increase productivity in existing ones (Daane, 2010).

1.2

Research Scope

The manufacturing process for semiconductors is typically divided into two parts:
front-end and back-end (Li, 2008). The front-end manufacturing stage of the process is
responsible for creating the finished die. The progressively decreasing feature size of
circuit components has tremendously increased the need for global surface planarization
of the various thin film layers that constitute the integrated circuit (IC). Chemical
mechanical polishing (CMP) is the planarization method that has been selected by the
semiconductor industry today (Zantye et al., 2004). Presently, CMP provides a
technological advantage in front-end process modules such as shallow trench isolation
and polysilicon polish as well as back-end-ofline (BEOL) processing. CMP’s ability to
planarize, smooth surfaces and achieve high selectivity provides a significant advantage
over competing technologies (Li, 2008). There are sixteen active International Technical
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Working Groups (ITWGs) as part the ITRS effort to define the near and long term
technology requirements for the semiconductor industry as well as the description of
potential technical solutions to meet these needs. As shown in Table 1.1, out of the
sixteen, this research work falls in the area of modeling and simulation of front-end
manufacturing processes, specifically CMP.

Table 1.1.

Scope of research work within ITRS (Adapted from Wolfgang,
2002)
Crosscut ITWGs
Environment
& Safety

Focus
ITWGs

1.3

System Drivers
Design
Test & Test Equipment
Process Integration
RF & A/MS Technologies
Emerging Research Devices
Emerging Research Materials
Front-End Processes
Lithography
Process Integration
Assembly and Packaging
Factory Integration

Metrology

Yield
Improvement

Modeling &
Simulation

CMP

Chemical Mechanical Polishing

Chemical Mechanical Polishing (CMP) is a final major manufacturing step
extensively used in semiconductor fabrication for flattening semiconductor wafers to
obtain mirror surface finish. In 2011, the CMP pad market yielded $626 million while the
3

slurry market totaled $1.0 billion, and is forecasted to grow 7.0% in 2012 and exceed
$1.3 billion by 2016 (Shon-Roy, 2012). CMP is still considered the leading planarization
technology for current and future manufacturing (Dornfeld, 2010).
There are various types of CMP machine configurations. A basic design of CMP
machine consists of a single or multiple wafer carriers with a retaining ring and a rotating
polishing pad mounted on a rotatable platen. The wafer is held in the rotating carrier and
a down force is applied to press the wafer against the pad as shown in Figure 1.1.
The CMP material removal mechanism involves a special combination of
chemical and mechanical forces (Hooper et al., 2002). First, corrosive slurry containing
fine abrasive particles is released onto the porous pad and attacks the wafer to chemically
weaken it. This step allows the mechanical action involving a three-body contact motion
of pad, abrasive and wafer under an applied pressure to easily facilitate material removal.
(Zantye et al., 2004, Philipossian and Olsen, 2003, Bozkaya, 2009). For further reading
on CMP, Zantaye (2004) presents an overview of the CMP process in general and Li
(2008) summarizes the state-of-the-art research advances in CMP technology in his book
“Microelectronic Applications Of Chemical Mechanical Planarization”. Another review
by Krishnan (2009) focuses mainly on the physicochemical processes that are associated
with CMP.
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Conditioner arm

Conditioning head

Slurry

Carrier

Wafer

Down force

Pad
Metal plate

Figure 1.1.

1.4

Chemical mechanical polishing process

Research Motivation

During the CMP process, slurry and debris removed from the wafer and the pad
“glaze” the surface of the polishing pad and make the pad surface slick. In the absence of
a pad regeneration process, it will lead to degradation of the pad surface. Therefore,
conditioning is used to regenerate the pad surface by breaking up the glazed areas. A
diamond disc conditioner is often used to “condition” the pad to regenerate new pad
asperity and desired surface profile in order to maintain favorable process conditions
(Zantye et al., 2004). As shown in Figure 1.2, diamond disc conditioning plays a key role
in maintaining removal rates (Lee and Yoon, 2008), within-wafer non-uniformity
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(WIWNU) and extending the life of the pad (Pei-Lum et al., 2009, Charm and Tam,
2006, Dyer and Schlueter, 2002). Zhou et al. (2008) reported that material removal rate
(MRR) can be maintained at the same level and WIWNU can be improved with proper
pad conditioning.

Figure 1.2.

Need for pad conditioning in CMP

6

Many researchers have studied the relationship between the diamond disc pad
conditioning and the CMP process in several aspects and various useful analytical models
have been developed and validated. Pad conditioning models are functional in describing
the evolution of pad surface characteristics such as roughness, MRR, profile/wear
distribution and the effect of conditioning on the pad properties, and pad life. These
models can be used to provide guidance for matching consumables to obtain desired
polishing objectives, CMP process control, and improving process reliability and yields .

1.5

Technological Trends/Challenges

Based upon a comprehensive literature review, conditioning process has
developed to an advanced stage where all dimensions are highly controlled (Baisie et al.,
2009). Currently, pad conditioning faces constant challenges in the design,
characterization, and evaluation of consumables towards meeting the demands of the
ever-competitive global semiconductor manufacturing environment. Singh et al. (2011)
have discussed succinctly the next generation CMP pad conditioning challenges and
objectives. Their remarks are explained as follows.
1. The increasing intensity, complexity and changing requirements of next-generation
CMP processes (recently 15 CMP steps in 180 nm Logic device and 32 steps in a 32
nm Logic device) demands more stringent specifications, smaller technology nodes
and thinner wafers. Its emerging applications also call for new and tunable
consumables and unique metrology requirements.
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2. Currently, CMP consumables/system suppliers and end users are more interested in
collaboration in the form of joint development and evaluation of new consumables.
This collaboration is geared towards reducing CMP Cost of Ownership (CoO)
through

extended

pad

and

conditioner

lifetime

and

minimizing

development/optimization time and repetition of efforts.
3. The pad conditioner’s performance must be optimized not only for maintaining
desired pad morphology but also for preserving device yield, reducing defectivity and
enhancing process stability throughout pad’s lifetime. This calls for significant
cleanliness (extractables and particulate) improvements, and more stringent control of
abrasive features/contacts size and shape distributions and diamond bond.

1.6

Research Gaps

Despite the fact that many researchers have investigated the diamond disc
conditioning process with emphases on pad surface asperities, deformation, conditioning
rate, conditioner life, and others, the determination of the necessary parameter values to
yield an efficient pad dressing has not been investigated extensively. From a practical
view-point, it has become more evident that, the individual models alone provide limited
information to provide advice on maintaining high process efficiency. There is a school
of thought that, as of now, most of the available models are not reliable enough to be
used for verification of current processes or optimization of future processes (Dornfeld,
2010). The research gaps are discussed below.
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•

Conditioner Design: Because requirements for the performance of CMP conditioners
have diversified it is important to select conditioner design to match applications
based on factors such as the CMP pad type and wafer size. Diamond disc design
parameters impact conditioner performance in CMP. However, not much work has
been done concerning the incorporation of relevant conditioner design features in the
mathematical models. Opportunities exist to advance this knowledge.

•

Finite Element Modeling: A set of investigators have used the Finite Element
Analysis (FEA) approach to model the interactions between the pad, wafer and
abrasive particles to predict CMP performance. This powerful computational
approach allows for 3-D geometries and more detailed representation of physical
characteristics and mechanics of the process elements in the model. However, none of
the available FEA modeling reports considers the conditioning aspects and its effects
on the process. Future work could concern FEA of the conditioning process, further
improving conditioner disc design, and advancing process optimization at a scale
consistent with current requirements.

•

Multi-scale Model Integration: Currently, there is a call for models to be able to
address wafer, die, and feature scale issues in a more integrated fashion and provide
feedback to designers so that circuits can be designed for easy manufacturability and
high yield. From the review of literature on conditioning, many avenues exist for the
optimization for a stable and efficient process at current scales. A more
comprehensive analytical model that integrates all the key operational factors needs
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to be developed. Models should be linked to both up-stream as well as down-stream
processes to allow series process improvement.

1.7

Research Objectives

The aim of this research is to improve the current understanding of the diamond
disc pad conditioning process in CMP to ensure more reliable verification of current
processes and optimization of future processes.
The following objectives are intended to capture this overall aim: (1) to develop
analytical models to simulate and predict the pad surface profile resulting from diamond
disc conditioning; (2) to characterize the pad structure geometrically and develop a finite
element model to simulate the pad’s mechanical response to conditioning forces; (3) to
evaluate effects of pad conditioning parameters on pad surface characteristics and
conditioning uniformity; (4) to develop a set of metrics to adequately measure
conditioning performance and optimize conditioning uniformity; and (5) to develop a
model to optimize the conditioner design.

1.8

Research Approach

An initial step was to research, develop, and validate mathematical models that
captured the relevant process parameters involved in the diamond disc pad conditioning
process. One hypothesis was to ascertain if a set of process input variables had a
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significant effect on performance variables. This allowed a systems engineering approach
to be used to optimize the conditioning process. Here, the question that was addressed
was: at what levels are parameters - identified to be significant - more relevant to the
performance attributes?
One major roadblock to completing the proposed study was access to equipment
for an experimental setup to validate developed models. The approach proposed to
overcome this was to consider using equipment of another institution or company that is
involved in CMP. However, this was accompanied by many difficulties. Alternatively,
data was obtained from available peer reviewed publications about experimental work on
pad conditioning in CMP.

1.9

Outline

Following Chapter 1, Chapter 2 presents a thorough literature review on diamond
disc pad conditioning in CMP which discusses technical challenges and perspectives. The
review yields a classification of conditioner design features, process control and
analytical models of diamond disc pad conditioning.
In Chapter 3, a surface element method is proposed to develop a mathematic
model to predict the pad surface profile resulted from diamond disc conditioning. The
mathematic model is validated by published experimental data and utilized to investigate
the effect of conditioning parameters on pad surface profile.
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A different approach based on conditioning density distribution is developed in
Chapter 4 to predict the pad surface profile resulted from the diamond disc conditioning
in CMP. Here, conditioner design is considered and the resulting conditioning density
distribution is correlated with the wear of the polishing pad and compared with
experimental data.
In Chapter 5, a 2-D image processing procedure is developed for the
characterization of the morphological and mechanical properties of CMP pads. A sample
pad is characterized and incorporated into a 2-D axisymmetric quasi-static FEA model to
investigate effects of process parameters (pad stiffness, and conditioning pressure) on the
pad deformation.
Chapter 6 describes how the conditioning density model developed in Chapter 4 is
further applied in a genetic algorithm to optimize the conditioner design parameters
(including geometric arrangement of diamonds, grit density and disc size) towards
optimization of the pad conditioning process.
In Chapter 7, a recap of the major findings of the research is provided and
recommendations for future research are made.
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CHAPTER 2
LITERATURE REVIEW

2.1

Introduction

This chapter contains a thorough literature review of recent research work on
diamond disc conditioning in CMP. Various analytical models developed for diamond
disc pad conditioning in CMP are summarized and compared in a format suitable for
quick reference. Section 2.2 briefly introduces a technical background about the diamond
disc conditioning process. Diamond disc conditioner development (including design and
manufacture) is introduced in Section 2.3. Conditioning process control and pad surface
measurement and evaluation are acknowledged in section 2.4. Section 2.5 describes the
theories of the process mechanism and presents a review of various analytical models.
Technical challenges are discussed and the objectives and research plan of this research
are proposed in sections 2.6, 2.7 and 2.8 respectively.

2.2

Diamond Disc Pad Conditioning

During CMP, the pad surface pores can be clogged by removed wafer material,
abrasive grits, and chippings from the pad itself (Zhou et al., 2008). At the same time, the
pad surface asperities needed to hold the abrasive grits are diminished. This leads to a
deterioration of removed material transportation, poor chemical-mechanical action and
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eventually, to low MRR, high WIWNU, high wafer-to-wafer non-uniformity (WTWNU)
(Zhou et al., 2008), and high cost of ownership (Tso and Ho, 2004). Pad conditioning is
introduced to regenerate new pad asperity and maintain desired surface characteristics.
Established conditioning methods include the utilization of high pressure water jet (Seike
et al., 2005, Seike et al., 2006), wire brush (Jeong, 1999), vacuum (Breivogel et al.,
1993), and ultrasonic vibration (Seo et al., 1999). The choice of each method depends
upon the nature of pad being conditioned (Li, 2008). Today, diamond disc conditioning is
the most widely used method for pad conditioning in wafer fabrication facilities (Lujan,
2006). Figure 2.1 shows a display of industrial diamond disc conditioners.

Figure 2.1.

Typical diamond disc conditioners (Photo: Courtesy of Abrasive
Technology)

During the conditioning process, the conditioner rotates and sweeps back and
forth radially or in a semi-circular manner (Lee et al., 2009)) across the pad as was shown
in Figure 1.1. Conditioning takes place either during polishing termed “in-situ” (Sung and
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Kan, 2006) or between polishing operations termed “ex-situ”(Fukushima et al., 2001). A
study by Fukushima et al (2001) has shown that higher removal rates and better planarity
can be expected for in-situ conditioning. In-situ conditioning also allows better
throughput and real-time process control with respect to maintaining stable pad surface
properties(Fukushima et al., 2001). The governing principle of pad conditioning is to
introduce friction between the polishing pad and the diamond disk, which characterizes a
two-body abrasive wear mechanism. As illustrated in Figure 2.2, the diamond abrasives
embedded on the disk create microscopic cuts or furrows on the pad surface to
continually regenerate new pad surface and asperities. At the same time, they remove the
glazed or accumulated particles on the polishing pad surface.

Diamond
abrasives

(a)

Metal body
Metal body

Diamond
abrasive
Pad pores

Pad asperity

Pad

(b)
Figure 2.2. Illustration of (a) diamond disc conditioner face, and (b) interaction
between the conditioner and the pad
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The conditioning unit assembly, which is attached to the CMP machine, typically
consists of a conditioner, a conditioner head, a directional arm, a connecting arm, and an
arm drive mechanism as shown in Figure 2.3 (Skocypec et al., 2007). During operation,
the conditioning assembly moves over the pad surface whilst maintaining a desired
contact force between the conditioner and the pad surface. A computer may be
programmed to generate a unique movement of the conditioner such that its velocity
varies to compensate for locations of interest on the polishing surface (Jackson et al.,
1995).

Conditioner
head

Directional
arm
Connecting
arm

Conditioner

Arm drive
mechanism

Polishing
pad
Platen

Figure 2.3.

2.3

Conditioning unit assembly (Adapted from Skocypec, 2007)

Development of Diamond Disc Conditioner

2.3.1 Evolution
Over the last two decades, the geometry, material, and manufacture of diamond
disc conditioners have evolved significantly. Notable stages of this transition are
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presented in Figure 2.4. Brievogel et al. (Breivogel et al., 1993) invented an initial pad
conditioning device in which a flat block holds several diamond tipped stainless steel
rods. The rods are threaded into a block and can be manually adjusted to a desired
position. This device introduces local compression on the pad and since there are only a
few diamond tips, the effective conditioning area is limited (Benner et al., 2003).
Furthermore, it has neither an effect on the removal of process fluid streams nor on active
cleaning of pad (Benner et al., 2003). In later developments such as the abrasive disc
described by Jackson et al.(Jackson et al., 1995), diamond grits were more often used as
the abrasive particles because of its wear resistance, chemical inertness and reduced
propensity to contaminate the pad or wafer (Benner et al., 2003). To overcome the initial
shortcomings, another device was proposed to employ a larger diameter metal disc on
which diamond abrasives are uniformly arranged and coated (Skocypec et al., 2007). In
this case, pressure applied to the diamond disc controls the depth of grooves in the pad.
In more recent developments, diamond abrasives are encapsulated by chemical
vapor deposition (CVD) to improve wear resistance among other advantages (Ohi, 2004,
Thear and Kimock, 2004a). Other advanced designs proposed by Sung et al. (Sung, 2006,
Sung, 2005, Sung et al., 2008, Sung et al., 2009),Tsai et al. (Tsai and Sung, 2009, Tsai et
al., 2009, Tsai, 2010a) and Forsberg et al.(2006) include electro discharging of
polycrystalline diamond (PCD) abrasives for what has been termed “Advanced Diamond
Discs” and using polymers as diamond disc base for “Organic Diamond Discs”. These
designs are characterized by high regularity of diamond shape and the promise of highly
uniform regeneration of pad asperities.
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Steel rod conditioner
(1993)

Polishing pad

CVD conditioner
(2004)

CVD diamond

Diamond grit

PCD conditioner
(2009, 2010)

At Present

Conventional diamond disc
conditioner (2004)

Early

Rod

Diamond
point
Holder

Figure 2.4.

Conditioner evolution (Adapted from Breivogel et al, 1993, Myoung et
al, 2004, Thear and Kimock, 2004, Sung, 2009, and Tsai et al., 2010)
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2.3.2 Disc Design
The main considerations that drive disc design are the need for excellent and
stable conditioning performance while obtaining the maximum pad and conditioning disc
life. The performance of CMP conditioners is characterized by diamond grit pop out,
wafer removal rate, conditioner life, and consistency of conditioners among batches (Ohi,
2004). A number of design parameters can impact conditioner performance (Li et al.,
2006, Thear and Kimock, Garretson et al., 2000). Typically, diamond size (Manocha et
al., 2010, Tsai and Sung, 2009, Sun et al., 2010, Yang et al., 2010, Thear and Kimock,
2004b), shape (Bubnick et al.), density (Hua et al., 2009), and exposure (Liao and Yang,
2009, Borucki et al., 2009, Tsai, 2010b, Andersson et al., 2005) will determine the
conditioning outcome. Table 2.1 summarizes parameters considered in disc design. Ohi,
in his discussion of trends and developments of diamond CMP pad conditioners (Ohi,
2004), suggests to select conditioner design based on the CMP pad type and the wafer
size because requirements for the performance of CMP conditioners have diversified.
2.3.3 Manufacture
Many different ways to manufacture diamond disc conditioners have been
reported (Skocypec et al., 2007, Myoung and Yu, 2004, Huang et al., 2008, Wielonski
and Peterman Jr., 2007). In one description by Wielonski (Wielonski and Peterman Jr.,
2007), diamond disc fabrication typically begins with forming a disc shaped metallic
substrate of material such as stainless steel. The stainless steel disc is then coated with a
monolayer of abrasive particles.
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Table 2.1.

Design considerations in conditioner design

Design Feature

Diamond

Diamond Size

Diamond shape

Disc

Distribution

Diamond
Exposure

Design Considerations
Based on relatively small changes in the tail of the grit size distribution,
extreme variations in conditioner performance can result if the average
penetration of grit into pad is less than one or two standard deviations at
standard conditions.
Diamond grits (both regular and irregular) have been characterized according to
their shape parameters such as aspect ratio, convexity, and sharpness (Hwang et
al., 2007). The shape of diamond (jagged, cubic, octahedral, etc) has an effect
on uniformity and thoroughness of conditioning. Good diamond shape also
allows for optimal revolutions per minute, distribution of diamonds, protrusion
and generation of force onto the polishing pad.
Protrusion distance relates to optimal depth of grooves generated into polishing
pad.

Diamond
Orientation

This relates to the tip angle and positioning of the grit. Lack of diamond
orientation results in different heights and has an effect on front side flatness
which negatively affects polishing uniformity.

Geometric
Arrangement

Grits may be distributed in a random or uniform manner. In more recent
designs, a set of grits may be arranged in a grid, annular, radial or involute
shaped array for enhanced performance in peculiar applications.

Diamond
density

“Working Grit Density" is the ratio of number of grits in contact with the pad to
the total conditioner area. Lower density results in fewer grooves. Substantial
grit distribution density variation in different regions of the conditioner causes
regions of higher density to have much lower working densities. This is due to a
more global effect on pad distortion caused by smaller inactive grits adjacent to
larger active grits which create larger grooves ahead of smaller grits.

Disc size

Disc size affects disc-to-pad size ratio. Higher ratios culminate in decrease of
diamond fracture rate and more effective conditioning. Conditioners with a
relatively small disc-to-pad size ratio are classified as scan type (usually used to
condition the surface covered by wafers) (Li, 2007) .

Disc front-side
flatness

Manuf.
methods

Bond thickness

If the conditioner substrate surface is not flat then working densities are
affected in a global fashion. As little as 40 microns of bow in a two inch
conditioner can alter the working density by as much as 50% (Thear and
Kimock, 2004b, Thear and Kimock, 2004a). Other discs (Shimizu, 2010, Sung,
2007) have convex or contoured cross section aimed at reducing the friction
between the pad and conditioner for extended life and to allow slurry to reach
the center of the conditioner.
The diamond grits may be bonded to a metal substrate by electroplating,
brazing and metal sintering. In more recent developments, diamond abrasives
are encapsulated by chemical vapor deposition (CVD) and electro discharging
of polycrystalline diamond (PCD).
The thickness of the bond relates to diamond retention ability and tool life.
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Typically, natural diamond particles or synthetic diamonds such as cubic boron
nitride particles are preferred. These particles are distributed in a random or structured
pattern using conventional techniques. A bonding metal such as nickel is often deposited
on the diamonds to secure them to the substrate. A typical assembly of a conditioner disc
is illustrated in Figure 2.5.

Diamond
grit

Metallic
substrate

Bond
material

Figure 2.5.

Holder

Conditioner disc assembly (Adapted from Wielonski, 2007)

The super-abrasive particles may be bonded to the substrate by electroplating,
brazing, metal sintering, and CVD diamond bonding. Features of common diamond
bonding methods (Park, 2005) are described in Figure 2.6. The brazing bond has become
more preferred since it forms a stronger bond between the diamond particles and
substrate. In this way, the diamond particles are less likely to loosen and fall free (pop
out) compared to electroplated conditioning discs (Wielonski and Peterman Jr., 2007).
After deposition of the particles, a holder for the substrate disc is adapted to fit the CMP
polishing machine in a conventional manner.
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Brazed

Electroplated
-Mechanical bond
-Low protrusion
-Regular Spacing
Figure 2.6.

2.4

Sintered

-Chemical bond
-High protrusion
-Regular spacing

-Mechanical bond
-Low protrusion
-Random distribution

Chemical vapor
deposited (CVD)
-Chemical bond
-High protrusion
-Corrosion resistant

Common diamond bonding methods (Adapted from Park, 2005)

Process Control

2.4.1 Diamond Disc Conditioning Process Control
Previously, the method of monitoring the CMP pad conditioning processes was by
trial-and-error. Different control parameters were changed manually by an operator to
achieve optimal conditioning (Lim and Lee, 2007). The manual operator adjustments
were based solely on operator experience. It is especially difficult to achieve good
repeatability for the conditioning process if the manual adjustment is performed by
different operators (Lim and Lee, 2007). To improve the control of the conditioning
process, studies have been performed to develop models which describe the relationship
between the control parameters and the conditioning process. These models are reviewed
and summarized in Section 5.
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Table 2.2.

Process control factors (Conditioning kinematics)

Pressure

Conditioning pressure is related to downforce applied to the conditioner disc. Pad
wear rate increases with the conditioning contact pressure between the diamond disk
and the polishing pad.

Velocity

This is the combination of all the planar motions of the pad and the conditioner. Pad
wear rate increases with conditioning velocity. On the other hand, surface roughness
would be more rugged due to higher conditioning velocity. Wafer MRR increases
with pad speed.

Time

Sweeping
pattern

This is the time spent at each region that the disc conditions. Chen [17] stated that the
actual conditioning time is the main determinant of the amount of pad wear. Also,
when the conditioner stays at one region for a longer time, local pad thickness would
reduce and local conditioner contact pressure also reduces. As a result, MRR
gradually reduces with longer conditioning time.
This is described by the direction or trajectory in which the disc moves usually in
allocated regions on the pad and the frequency of sweeping oscillation. The trajectory
may be linear or semi-circular.

Pad conditioning is primarily a highly mechanical process. Its effects on the
polishing process are dictated by the conditioning kinematics (Table 2.2) and other
parameters such as pad temperature (Hua et al., 2009, Kim et al., 2006, Mudhivarthi et
al., 2006) and pad properties (Tso and Ho, 2004) listed in Table 2.3. It is worth
mentioning that automatic control of the process has been achieved through controllers
which adjust the settings of the equipment during operation (Karuppiah et al., 2006,
Fukuzawa, 2002). For a reciprocating diamond disk moving along a radial or semicircular trajectory within the polishing area of the polishing pad, a variation of the
conditioning parameters may be adapted for optimal conditioning of the pad. As
described by Lim and Lee (2007), the trajectory of the diamond disk may be divided into
a number of sections, and its movement speed may be varied at each section. The
diamond disk may move through the edge area of the polishing pad at a highest speed, an
intermediate area at a lowest speed, and the center area at a medium speed (Lim and Lee,
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2007). A contact pressure between the diamond disk and the polishing pad may also be
varied at each section where it may have a highest contact pressure at the edge part of the
polishing pad, a lowest contact pressure at an intermediate part, and a medium contact
pressure at the center part.

Conditioner

Pad

Table 2.3.

Process control factors (Consumables)

Temperature

Elevated pad temperatures result in improved removal rates due expanded pad
pores and better slurry transport and also good planarity and smooth surface
morphology of the pad (Hua et al., 2009, Kim et al., 2006). However it
lengthens the time to achieve steady-state, and also plays a major role in
generation of wafer defects like dishing and erosion during copper CMP process
(Mudhivarthi et al., 2006).

Relative pad
hardness

As pad speed increases, the effective hardness of the pad increases and the
penetration depth of grit into the pad drops. This reduces the conditioning effect.

Soaking time
of pad

Soaking time of pad significantly influences the dynamic shear modulus of pad.
Also, the pad structure would become more flexible, and the removal degree of
pad material would increase gradually.

Ph value of
slurry

The workpiece to be polished dictates the pH value of slurry. The intensity of
the diamond grit drops with increasing alkalinity. This means that the removal
degree of conditioning pad material will decrease because of the abrasion of
incisive edge of diamond grits.

Working Grit
Density

If the downforce is increased and a very small fraction of grit is in contact with
the pad, then the working grit density increases as the penetration depth
increases. If the working grit density increases too much, then the pad tends to
be polished rather than grooved, and the performance is reduced.

Grit Size

Grit size is characterized by average cutting angle or groove width of diamonds.
This relates to depth and width of grooves generated into polishing pad.

Disc Size

Disc size affects conditioner/pad ratio. Higher ratios culminate in decrease of
diamond fracture rate and more effective conditioning. It is also easier to
achieve better pad profile with a smaller disc diameter.

Disk Chatter

Any change in contact area between the conditioner and the pad affects
conditioning. Disk chatter can create a highly variable contact area, therefore it
should be minimized by careful attention to process parameters and design of
the conditioner holder and mounting hardware.

Diamond grit
wear

As the diamond grit wears, the sharp edges round off first then the entire
particle slowly develops a flat top with rounded edges, Conditioning can be
maintained at a constant rate only if the diamond particles are worn down to the
same height as the pad penetration and there is high working grit density.
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Similarly, rotational speed of the diamond disk may be varied at each section with
its highest speed at an edge part of the polishing pad, a lowest rotational speed at an
intermediate part, and a medium rotational speed at a center part (Lim and Lee, 2007).
Such methods of variation have been adapted to uniformly condition the polishing pad
and reduce costs associated with managing, maintaining, and replacing the diamond disk
(Fukuzawa, 2002).
2.4.2 Measurement and Evaluation of Pad Characteristics
Metrology plays a crucial role in enabling any type of CMP process control, and
may be implemented in different ways based on the measurement techniques used, its
location in the process flow and the type and amount of data generated. During the CMP
cycle, pad characteristics such as the thickness, Young’s modulus, and viscous properties
of the pad tend to be dynamic (Zhang et al., 2009). Therefore measurement of these
properties is very important towards understanding polishing non-uniformity and the
maintenance of acceptable WIWNU and WTWNU. Zhang et al. (2008) discuss pad
thickness and hardness measurement methods.

2.5

Process Modeling

Although the last decade has seen progress in the modeling of CMP, emphasis has
rather been placed on the physical interactions among the wafer, slurry, and pad (Chen et
al., 2000). However, there exist proven relationships between pad conditioning and the
CMP process. Various models have been proposed to describe effects of pad conditioning
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on wafer surface roughness (thickness variation), MRR, pad surface profile and pad
properties. The theory provides guidance on how to match or design conditioners to reach
desired polishing objectives, improving process reliability and yields and process control.
Such understanding is vital in semiconductor manufacture to advance cost control,
process optimization and automation.
As conditioning is primarily considered as mechanical process characterized by a
two-body abrasive wear mechanism (Krishnan et al., 2009), the classical Preston equation
(Preston, 1927) - originally used to model polishing of glass - has been widely used to
describe removal (polishing) rate in wafers (Chen et al., 2000). Considering the similarity
between wafer-pad interaction and pad-conditioner interaction, the Preston’s equation has
been adopted by many to model pad wear due to conditioning. The Preston equation
states that MRR is proportional to the applied pressure P and the relative velocity V
between the wafer and the pad and Kp is a constant, called Preston’s coefficient.
𝑀𝑅𝑅 = 𝐾𝑃 𝑃𝑉
The use of the Preston equation has been successful due to its simplicity and
computability. However the equation has been modified by various researchers to
accommodate differences in application. Some researchers suspect that the value of Kp
involves advanced physics (Nanz and Camilletti, 1995, Lai, 2001, Yeh and Chen, 2010)
and may be dependent on the pad roughness, asperities, elasticity, surface chemistry and
abrasion effects as well as conditioner characteristics among others. More analytical and
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experimental studies are needed to understand the role of Kp in modeling of pad
conditioning.
Other investigators use different approaches. Modeling approaches commonly
used are categorized into two groups, namely kinematic and statistical. The kinematic
approach uses the motion and associated forces of the conditioner and pad to describe the
conditioning process. The statistical approach uses statistical models such as probability
of locating a point on the pad surface for the same purpose. A classification of process
models identifying key variables and major modeling objectives is presented in Table 2.4.
In Appendix I, representative figures, key formulae, assumptions, and modeling
conclusions for various analytical models developed to describe diamond disc pad
conditioning are presented. All the models presented take into account conditioning
kinematics (conditioning pressure, conditioning time, relative velocity, and sweeping
pattern). In practice, the kinematics are the most controllable aspects of the process.
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Table 2.4.

Classification of pad conditioning analytical models
Key Variables
Pad properties

Temperature

Diamond features

Time

Kinematics

Year

Investigator

Objective

Key Assumption

Mathematical
Approach

1999

Zhou and
Davis

Pad profile

Preston eqn.

Kinematic

x

x

2000

Chen et al.

Pad profile

Preston eqn.

Kinematic

x

x

2003

Horng

Pad
deformation

Elastic
deformation

Kinematic

x

2004

Liao et al.

Pad MRR

Power
consumed

Kinematic

x

x

2004

Tso and Ho

Pad MRR

Preston eqn.

Kinematic

x

x

x

2004

Borucki

Variability of Equivalent bar
pad surface
conditioner

Statistical

x

x

x

x

2005

Tyan

Pad wear
distribution

Kinematic

x

x

2006

Wiegand
and Stoyan

Variability of Equivalent bar
pad surface
conditioner

x

x

2006

Borucki

Pad MRR

Conditioning,
friction &
removal

Combination

x

2007

Chang et al.

Pad profile

Preston eqn.

Kinematic

x

x

2009

Chen and
Young

Pad profile

Kinematic

x

x

2009

Lee et al

Pad profile

Kinematic

x

x

2010

Baisie et al

Pad profile

Kinematic

x

x

2010

Yeh

Recovered
area ratio

Kinematic

x

x

Conditioning
density

Preston &
scratch number
Preston &
sliding distance
Preston &
sliding distance
Conditioning
density
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Statistical

x

x

x

x

x

Chen (2000), Feng (2007), Chang (2007), Lee (2009) and Baisie et al (2010)
models use kinematic approaches to predict the amount of wear across the pad by
employing the Preston equation. In the kinematic approaches, a major assumption is that
pad wear is determined by the sliding distance on the pad. A related kinematic approach
adopted by Chen and Young (2010) to relate the distribution of scratch numbers of
diamond grit on pad to the pad profile. Yeh (Yeh and Chen, 2010) improved upon Chen’s
model to consider multiple cuts for a specific portion before the glazed layer is finally
removed and the effective Preston’s constant is restored. To measure the effectiveness of
conditioning, Yeh (Yeh and Chen, 2010) defines a performance metric called recovered
area ratio which is the ratio between the recovered and total pad areas.
Tso and Ho’s (2004) and Liao’s (2004) models focus more on the relationship
between conditioner parameters and the pad wear rate (MRR). However, Tso and Ho
utilize the Preston equation whiles Liao’s model presumes metal cutting theory. On the
other hand, Horng’s (2003) model calculates pad deformation across the pad which is not
accounted for by the other models.
The CMP process is rather complex with nonlinear and sometimes non-Gaussian
process dynamics, which brings significant challenges for process monitoring and control
(Zhenyu et al., 2010). Borucki (2004) and Wiegand and Stoyan’s (2006) models use
statistical approaches to investigate the variability and extent of pad surface roughness. A
later model by Borucki et al (2006) combines pad surface topography from conditioning
and coefficient of friction to predict MRR.
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Other investigators have employed the FEA approach to model the interactions
between the pad, wafer and abrasive particles to predict wafer MRR (Bozkaya and
Muftu, 2009, Che et al., 2002, Yan et al., 2004, McGrath and Davis, 2003), WIWNU
(Lee et al., 2004, Lin et al., 2008), wafer flatness (Zhang et al., 2005), pad surface
asperities (Jiang and Muldowney, 2007), and pad wear (Pei-Lum and Rick, 2007, Li et
al., 2010, Nishioka et al., 2001). This powerful computational approach allows for 3-D
geometries and more detailed representation of physical characteristics and mechanics of
the process elements in the model. However, none of the available FEA modeling reports
considers the conditioning aspects and its effects on the process.

2.6

Review Summary

Out of the numerous methods, diamond disc conditioning is the most widely used
in wafer fabrication facilities today to regenerate new pad asperity and maintain uniform
surface profile for CMP. The conditioning tool typically consists of a metal disc with one
side embedded with protruding diamond grits. Conditioner design considerations include
diamond size, shape, exposure, orientation, geometric arrangement, density, disc size,
disc front-side flatness, bond thickness and manufacturing methods.
The main process control avenues are conditioning time and conditioning
kinematics such as pressure, relative velocity and sweeping pattern (sweeping profile).
The Preston equation has been adopted by many researchers to model the conditioner-pad
interaction. Key modeling variables include pressure, pad velocity, conditioner velocity,
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conditioning time, disc radius, grit size, grit density, pad temperature, and pad relative
hardness. Available analytical models predict pad wear rate, pad height distribution, rms
pad roughness, pad deformation, wafer material removal rate and pad surface recovered
area ratio. Many avenues exist for the optimization of conditioning towards more uniform
pad surface characteristics and longer lasting consumables, amidst constraints such as
conditioner design, pad characteristics and CMP process parameters.
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CHAPTER 3
SURFACE ELEMENT MODEL

3.1

Introduction

It has been challenging to attain a flat pad surface profile in diamond disc
conditioning. Moreover, there are limited reports in the literature focusing on the pad
surface profile resulting from the diamond disc conditioning (Feng, 2007, Chang et al.,
2007, Zhou and Davis, 1999). Freeman and Markert (1996) claimed that a mathematical
model was developed to accurately predict the pad surface profile. But there was no
detailed information about the model development. Zhou and Davis (1999) reported the
influence of the diamond disc conditioning on the pad surface profile. Their experimental
results showed that a concave pad surface profile led to a convex surface profile for the
wafer. Chang et al. (2007) presented a mathematic model to reveal the concavity of the
pad surface profile with experimental validation. Their research was focused on the
relationship between the pad surface profile and the pad conditioning time. It was
reported that longer conditioning time resulted in higher concavity of the pad surface
profile. Recent research works on the pad surface profile are summarized in Chapter 2.
Findings from this review showed that no such mathematic model was developed with
consideration of the effect of conditioner sweeping profile.
In this chapter, a surface element method is proposed to develop a mathematic
model to predict the pad surface profile resulting from diamond disc conditioning. First,
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the mathematic model is developed with consideration of the conditioner sweeping
profile. Then, the developed model is used to predict the pad surface profile and validated
by published experimental data. Based upon the validated model, effects of conditioning
parameters (including sweeping profile, pad rotating speed, conditioner rotating speed,
and conditioner diameter) on the pad surface shape are further investigated and discussed.

3.2

Model Development

3.2.1 Assumptions
Figure 3.1 illustrates a cycle of pad conditioning. Initially, the pad is rotating
about its center with an angular speed of ωp at an overhead position and descends onto
the pad.

Segments of sweeping trajectory

Conditioner
(sectional view)

1

2

3

Initial position

4

5

6

7

8

9 10

P
Vc

ωc

Pad
ωp

Figure 3.1.

Illustration of a diamond disc conditioning cycle
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The conditioner then sweeps in a straight line from the pad center to the pad
periphery at a speed of Vc. The sweeping trajectory of the conditioner center is divided
into 10 equal sections (or 10 annular segments). The time taken by the conditioner to
traverse each section is adjustable. Vc will be a constant only if the same time value is
assigned to all sections, otherwise, it will be a discrete variable. When the conditioner
touches the pad periphery, it lifts off the pad surface and moves back to its initial position
for the next cycle. The following assumptions are made to estimate the pad wear
thickness due to conditioning:
1. Initially, the pad surface profile is assumed to be flat. However, the final profile is
determined by the amount of pad material removal resulting from diamond disc
conditioning (Chang et al., 2007, Zhou et al., 2008).
2. Diamond exposure is assumed to be uniform across the surface of the conditioner and
hence the depths of grooves generated on the polishing pad are equal.
3. Since there is abrasive contact between the conditioner and the pad, the pad material
removal due to conditioning can be represented by the Preston equation (Preston,
1927):
𝑑𝜉
= 𝑘𝑝 ∙ 𝑝 ∙ 𝑣𝑝/𝑐 ;
𝑑𝑡

(3.1)

where ξ the pad material removal, t the conditioning time, Kp a Preston coefficient
determined by the pad and the conditioner properties, p the constant pressure applied
on the conditioner, and Vp/c the relative velocity between the pad and the conditioner.
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4. Kp and p are assumed to be constant values. Therefore, the amount of pad material
removal is only related to Vp/c and can be rewritten as:
𝑑𝜉 = 𝑘𝑝 ∙ 𝑝 ∙ 𝑣𝑝 ∙ 𝑑𝑡 = 𝑘𝑝 ∙ 𝑝 ∙ 𝑑𝑙;
𝑐

(3.2)

where dl is the distance a diamond abrasive sweeps on the pad surface.
5. Now, assuming there is a surface-to-surface contact between the conditioner and the
pad, Equation (3.3) can be further derived as:
𝑑𝜉 = 𝑘𝑝 ∙ 𝑝 ∙ 𝑑𝐴;

(3.3)

where dA is the area the diamond disc conditioner swept on the pad surface. A
general equation to estimate the pad wear thickness due to the conditioning can then
be described as:
𝑑ℎ =

𝑘𝑝 ∙ 𝑝 ∙ 𝑑𝐴
𝑑𝐴
=𝑘∙
;
𝐴𝑝
𝐴𝑝

(3.4)

where dh is the pad wear thickness, Ap the pad surface area, and k is a coefficient
determined by pad/conditioner properties, conditioning pressure, and pad surface
area. This assumption has been successfully used by Pietsch and Kerstan (2005) to
predict the wafer surface profile in simultaneous double side grinding.
3.2.2 Model Derivations
The pad conditioning kinematics is shown in Figure 3.2. The pad of a radius of Rp
rotates in the clockwise direction about its center (Op) at an angular speed of ωp. The
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conditioner of a radius of Rc rotates in the counter-clockwise direction about its center
(Oc) at an angular speed of ωc. The conditioner center (Oc) has an offset distance of Rc
from the pad center (Op). It then sweeps in a straight line from the pad center to the pad
periphery till the edge of the conditioner is tangent to the pad edge. The sweeping
trajectory can be obtained as Rp-2Rc and divided into 10 equal sections by 11 positions as
shown in Figure 3.2.

Rp

Rp(i+1)

Rp(i)
ωp
Vc

O
p

1
Oc

2

3

Rc

4

i+1

i

7

8

9

10

ωc

Li
0.92
Li+1

∆Li
R1.83
p - 2Rc

Figure 3.2.

Schematic of pad conditioning kinematics
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11

A value ti is assigned as the time the conditioner center takes to traverse a random
section ∆Li (1 ≤ i ≤ 10). A sequence of ti (i from 1 to 10) is defined as the conditioner’s
sweeping profile (Freeman and Markert, 1996). The sweeping velocity Vc can then be
described as:
𝑉𝑐 =

𝑅𝑝 − 2𝑅𝑐
∆𝐿𝑖
𝐿
= 10
=
, 𝑖 = 1,2,3, … , 10.
𝑡𝑖
∑𝑖=1 𝑡𝑖
∑10
𝑖=1 𝑡𝑖

(3.5)

In Figure 3.2, Li is defined as the distance between the ith position and the initial
conditioner center position (i.e. 1st position). The same definition is applicable for Li+1.
For a random section ∆Li between the position i and position i+1, the radius of the pad
area swept by the conditioner ranges from Rp(i) to Rp(i+1) as shown in Figure 3.2. It is easy
to determine that Rp(i) and Rp(i+1) are equal to Li and Li+1+2Rc, respectively.
Figure 3.3 shows the mathematical model to calculate the pad area swept by the
conditioner when the conditioner center traverses the ith section. A surface element is
defined as a tiny sector on the conditioner as shown in Figure 3.3. rc (0<rc<Rc) is the
distance between the surface element and the conditioner center. After a time period of t,
the surface element moves from position A to position B. The motion of the surface
element can be decomposed into three parts. Firstly, the rotation of the pad in the
clockwise direction is treated by rotating the center of the conditioner at an angle of ωpt.
Hence, the surface element on the conditioner also rotates the same angle about the pad
center and its displacement can be described as:
𝑟⃗𝑝 = (𝑅𝑐 + 𝐿𝑖 ) ∙ 𝑒 𝑖𝜔𝑝 𝑡 .
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(3.6)

Secondly, due to the conditioner rotation in the counter-clockwise direction, the
surface element rotates an angle of ωct about the conditioner center during the time
period t. This displacement is represented as follows:
𝑟⃗𝑐 = 𝑟𝑐 ∙ 𝑒 −𝑖𝜔𝑐𝑡 .

(3.7)

dr


sc


rc


Z

B
ds

ωc t

V ct


rp
ωpt

Oc

Op

Rc

A

rc

Surface
element

Rc + L i

Figure 3.3.

Model to calculate the pad area swept by the conditioner
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Thirdly, the surface element moves along the horizontal direction due to the
conditioner sweeping motion. The displacement resulted from the sweeping motion
can be described as:
𝑠⃗𝑐 = 𝑉𝑐 ∙ 𝑡.

(3.8)

𝑠⃗𝑐 can be further derived by substituting Equation (3.5) into Equation (3.8):
𝑠⃗𝑐 =

𝑅𝑝 − 2𝑅𝑐
𝛥𝐿𝑖
∙𝑡 =
∙ 𝑡.
𝑡𝑖
∑10
𝑖=1 𝑡𝑖

(3.9)

From Equation (3.6), (3.7), and (3.9), the displacement to describe the motion of
the surface element can be represented as follows:
𝑍⃗ = 𝑟⃗𝑝 + 𝑟⃗𝑐 + 𝑠⃗𝑐 = ( 𝑅𝑐 + 𝐿𝑖 ) ∙ 𝑒 𝑖𝜔𝑝 𝑡 + 𝑟𝑐 ∙ 𝑒 −𝑖𝜔𝑐𝑡 +

𝑅𝑝 − 2𝑅𝑐
∙ 𝑡.
∑10
𝑖=1 𝑡𝑖

(3.10)

Equation (3.10) can be derived and rewritten in the complex number form as:
𝑍⃗ = 𝑎 + 𝑖 ∙ 𝑏;

where

�

𝑎 = ( 𝑅𝑐 + 𝐿𝑖 ) ∙ 𝑐𝑜𝑠 𝜔𝑝 𝑡 + 𝑟𝑐 ∙ 𝑐𝑜𝑠 𝜔𝑐 𝑡 +
𝑏 = ( 𝑅𝑐 + 𝐿𝑖 ) ∙ 𝑠𝑖𝑛 𝜔𝑝 𝑡 − 𝑟𝑐 ∙ 𝑠𝑖𝑛 𝜔𝑐 𝑡.

𝑅𝑝 − 2𝑅𝑐
∙ 𝑡; and
∑10
𝑖=1 𝑡𝑖

Then the displacement 𝑍⃗ can be further represented by the polar form:
𝑍⃗ = [𝑟(𝑡), 𝜑(𝑡)];
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(3.11)

where
𝑟(𝑡) = 𝑟 = �𝑍⃗� = �𝑎2 + 𝑏 2 ; and
�
𝑏
𝜑(𝑡) = 𝜑 = 𝑡𝑎𝑛−1 .
𝑎

(3.12)

The arc trajectory swept by the surface element within the time period ti is calculated as:
𝑡𝑖

𝑠(𝑡) = � �𝜑̇ 2 𝑟 2 + 𝑟̇ 2 𝑑𝑡.

(3.13)

0

From Equation (3.13), the pad area swept by the conditioner during ti can be
integrated as follows:
𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) = �

2𝜋

0

�

𝑅𝑐

0

𝑡𝑖

� �𝜑̇ 2 𝑟 2 + 𝑟̇ 2 𝑑𝑡𝑑𝑟𝑐 𝑑𝜑.

(3.14)

0

Since the conditioner may sweep for multiple cycles, the number of cycles is calculated
as 𝑁 =

𝑡𝑐

𝑡𝑙 +∑10
1 𝑡𝑖

where tc is the total conditioning time and tl time the conditioner takes to

lift off the pad and move back to the initial position, with the total pad area swept by the
conditioner as the conditioner center traverses from the ith position to the i+1th position

during the total conditioning time period of tc being calculated as:
𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) = 𝑁 ∙ 𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) .

(3.15)

Then a pad sectional wear ∆hi due to pad conditioning can be represented by combining
Equation (3.15) with Equation (3.4):
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where

∆ℎ𝑖 = 𝑘 ∙

𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(𝑖)
;
𝐴𝑝(𝑖)

2
2
𝐴𝑝(𝑖) = 𝜋 ∙ 𝑅𝑝(𝑖+1)
− 𝜋 ∙ 𝑅𝑝(𝑖)
= 𝜋 ∙ (𝐿𝑖+1 + 2𝑅𝑐 )2 − 𝜋 ∙ 𝐿𝑖 2 .

(3.16)

For i= 1, 2, 3, … , 10, ∆hi can be further described as follows:
𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(1)
⎧∆ℎ1 = 𝑘 ∙
;
𝜋 ∙ (𝐿2 + 2𝑅𝑐 )2
⎪
𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(3)
⎪
∆ℎ
=
𝑘
∙
;
2
⎪
𝜋 ∙ (𝐿3 + 2𝑅𝑐 )2 − 𝜋 ∙ 𝐿2 2
⎪
𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(3)
∆ℎ3 = 𝑘 ∙
;
𝜋 ∙ (𝐿4 + 2𝑅𝑐 )2 − 𝜋 ∙ 𝐿3 2
⎨
…
⎪
…
⎪
…
⎪
𝑇𝑜𝑡𝑎𝑙
𝐴𝑠𝑤𝑒𝑝𝑡(10)
⎪ ∆ℎ = 𝑘 ∙
.
10
2
𝜋 ∙ 𝑅𝑝 − 𝜋 ∙ 𝐿10 2
⎩

(3.17)

It is important to note that there exists overlapped conditioning area as the
conditioner traverses two or more successive sections. This means the same section of the
pad surface (for example Rp(i)Rp(i+1)) could be conditioned several times when the
conditioner sweeps through different sections (for example ∆Li-1, ∆Li, ∆Li+1). Because of
these overlapped conditioning areas, actual pad wear ∆H(rp) has to be treated as a result
of multiple sectional pad wear. As shown in Figure 3.4, for any random position rp along
the radial direction on the pad surface, the actual pad wear ∆H(rp) is calculated by adding
all sectional pad wear ∆hi, which are overlapped to each other during conditioning.
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Illustration of cumulative wear thickness

The actual pad wear ∆H(rp) is defined as cumulative pad wear and is described as
follows:

∆𝐻�𝑟𝑝 � =

⎧
⎪
⎪
⎪
⎪

��𝑟𝑝 −𝛥𝐿𝑖 �⁄𝛥𝐿𝑖 �

�

1
��𝑟𝑝 −𝛥𝐿𝑖 �⁄𝛥𝐿𝑖 �

∆ℎ𝑖

𝑖𝑓 𝑟𝑝 ≤ 2𝑅𝑐 ;

�
∆ℎ𝑖 𝑖𝑓 2𝑅𝑐 < 𝑟𝑝 < 𝑅𝑝 − 2𝑅𝑐 ;
⎨
⁄
��𝑟
�−(𝑚−1)
⎪ 𝑝 −𝛥𝐿𝑖 � 𝛥𝐿𝑖
10
⎪
⎪
�
∆ℎ𝑖
𝑖𝑓 𝑟𝑝 ≥ 𝑅𝑝 − 2𝑅𝑐 ;
⎪
⎩ ��𝑟𝑝 −𝛥𝐿𝑖 �⁄𝛥𝐿𝑖 �−(𝑚−1)
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(3.18)

where rp from 0 to Rp and m the number of sections is represented as:
𝑚=

2𝑅𝑐
2𝑅𝑐
=
.
𝛥𝐿𝑖
�𝑅𝑝 − 2𝑅𝑐 �
10

The initial pad thickness is assumed to be H0. Then the pad surface profile along the pad
radial direction after pad conditioning can be described as:
𝐻�𝑟𝑝 � = 𝐻0 − ∆𝐻�𝑟𝑝 �.

(3.19)

3.2.3 Simulation
The mathematical model developed above was run in a commercial software
package Matlab (The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA 01760, USA).
The computer program accepts these conditioning parameters:
•
•

Pad angular speed 𝜔𝑝 = 𝑁𝑝 ⁄2𝜋 where Np rotation speed in rpm;

•

Conditioner angular speed 𝜔𝑐 = 𝑁𝑐 ⁄2𝜋 where Nc rotation speed in rpm;

•

Conditioner radius Rc in inch;

•

Conditiong time ti assigned for section ∆Li in second;

•

Conditiong sweeping profile {ti}; and

•

Total conditioning time tc in minute

Pad radius Rp in inch;

as input variables and plots {ti}, the sectional pad wear, the cumulative pad wear, and the
pad surface profile as outputs.
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3.3

Simulation Results and Experimental Validation

3.3.1 Simulation Conditions
Conditioning parameters adapted for simulation are listed in Table 3.1. More
detailed information can be found in published literature (Freeman and Markert, 1996)
provided in Appendix II.

Table 3.1.

Experimental conditions (Adapted from Freeman and Markert,
1996)

Polish Parameters
Time
2 min
Downforce
41. 37 kPa
Pad temp
37.78 oC
Platen RPM
36 rpm

Conditioning Parameters
#sweeps
1 post polish
Time
1 min
Downforce
15.38 kPa
End RPM
70 rpm

Pad type

RodelEX1400

Platen speed

75 rpm

Back pressure
Flow rate
Oscillation

0 kPa
150 ml/min
10 mm

Platen Ø
Profile
End effector

60.96 cm
Variable
5.08 cm Ø / 200 diamond grits

Three sweeping profiles named as FLAT 1, FLAT 2, and BELL are listed in
Table 3.2. FLAT 1 increases linearly in time from the pad center to the periphery. FLAT
1 is proposed to test a hypothesis that the conditioning time should increase linearly along
the pad radius to compensate for the increase of the pad area. FLAT 2 has a constant
sweeping profile to test the hypothesis that the pad surface profile is independant of the
increase of the pad area along radial direction. BELL is proposed to generate a bell shape
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sweeping profile by using high sweeping time periods at the beginning and the end and
reducing the time around the middle.

Table 3.2.

Sweeping profiles used for pad surface profile simulation (Adapted
from Freeman and Markert, 1996).
Pad center

#Section

Pad Periphery

Sweeping
profile
(sec)

1

2

3

4

5

6

7

8

9

10

FLAT 1

4.1

4.0

4.4

4.8

5.2

5.6

6.0

6.4

6.8

7.2

FLAT 2

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

BELL

8.1

5.4

4.0

2.2

2.4

2.6

2.8

5.8

9.8

13

3.3.2

Simulation Results and Discussion
Figure 3.5 shows simulation results for the conditioner sweeping profile, the pad

sectional wear ∆hi, and the pad cumulative wear ∆H(rp) for the sweeping profile FLAT 1.
There exists a significant linear increase of the pad sectional wear along the pad radial
direction as shown in Figure 3.5(b). As for the pad cumulative wear, a sharp linear
increase can be observed near the pad center area. It is then followed by a slower linear
increase and ended with a sharp linear decrease around the pad’s periphery.
Simulation results for the sweeping profile FLAT 2 are shown in Figure 3.6. The pad
sectional wear shows a very slight increase with the increase of pad radius as shown in
Figure 3.6(b). Concerning the pad cumulative wear thickness, a constant wear can be
obsvered in between a sharp increase wear near the pad center and a sharp decrease wear
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near the pad periphery as shown in Figure 3.6(c). Figure 3.7 shows simulation results for
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Figure 3.6.
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Simulation results for
sweeping profile FLAT 2.
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Simulation results for sweeping profile BELL

The pad sectional wear is shown in Figure 3.7(b). A nearly constant pad sectional
wear can be observed in between a linear decrease wear near the pad center and a sharp
increase wear near the pad periphery. The pad cumulative wear shows a saddle-curve as
illustrated in Figure 3.7(c). From Figure 3.5 to 3.7, it can be observed that the cumulative
pad wear always shows a sharp linear increase near the pad center and a sharp linear
decrease near the pad periphery to form transition regions. These transition regions are
resulting from overlapped conditioning and can be correlated with the conditioner radius
Rc.
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Experimental data
Simulation data
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surface profiles

The simulation results are then compared with the published experimental data. The
constant k in Equations (3.4), (3.16), and (3.17) is estimated empirically by subtituting
the

experimental

data

into

the

simulation
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results

using

the

expression

𝑘 = ∆ℎ𝑖 𝐴𝑝(𝑖) ⁄𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) . A simple experimental procedure may be used where the
outer section (where i = m) is polished for a known period, in the absence of the

conditioner sweeping motion, such that Total Aswept(m) can be easily calculated and actual
∆ℎ𝑚 measured afterward. Figure 3.8 shows the comparision between simulation results

obtained from the developed model and experimental data reported in published
literature. It can be seen that the simulation results agree well with the experimental data.
A slight deviation near the pad periphery area may be attributed to conditioning tests
setup, pad deformation, and process variations due to polishing wafers.

From Figure 3.8, it also can be observed that the sweeping profile has a great
effect on the pad surface profile. Different sweeping profiles will generate significantly
different pad surface profiles. For the surface profile in between the pad center and the
pad periphery, FLAT 1 generates a negative slope surface profile as shown in Figure
3.8(a), FLAT 2 generates a flat surface profile as shown in Figure 3.8(b), and BELL
generates a convex surface profile as shown in Figure 3.8(c).

3.4

Effect of Conditioning Parameters on Pad Surface Profile

3.4.1 Metrics for Pad Surface Profile Evaluation
By utilizing the verified model, the effects of diamond disc conditioning
parameters including sweeping profile, pad rotating speed, conditioner rotating speed,
and conditioner diameter on the pad surface profile can be further investigated. Three
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metrics are proposed to evaluate the flatness characteristics of the pad surface profile.
They are Total Thickness Variation (TTV), Bow, and Non-uniformity (NU).
TTV is used to measure the range and extent of pad wear observed due to
conditioning. A larger TTV value indicates excessive conditioning or inadequate
conditioning in localized area(s) of the pad. It is defined as the difference between the
maximum and minimum values of pad thickness for a series of point measurements
across the diametrical section of a pad. As illustrated in Figure 3.9(a), TTV is described
as:
TTV = HrpMAX − HrpMIN.

(3.20)

Bow is used to measure the concavity of the pad surface profile. A negative value
of Bow indicates a convex pad surface profile while a positive value of Bow indicates a
concave surface profile. As shown in Figure 3.9(b), Bow is defined as the deviation of the
mid radius point of the median surface of the pad from a median surface reference plane.
The median surface is the locus of points on the pad equidistant between the pad surface
and the platen surface. The reference plane as shown in Figure 3.9(b) is established by
three points equally spaced in one half of the pad diametrical section and with equal
spaces away from the pad center and edge. In this paper, Bow is described
mathematically as:
1 �𝐻𝑟𝑝𝐿 −𝐻𝑟𝑝𝑅 �
𝐵𝑜𝑤 = �
− 𝐻𝑟𝑝𝐶 �.
2
2

50

(3.21)

ΔHrp

pad shape

Ho
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TTV

Hrp

HrpMIN

platen surface

(a)Total thickness variation (TTV)
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surface
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X

HrpR

X

(b) Bow
pad shape

mean padheight

deviations from
mean padheight

(c) Non-uniformity (NU)
Figure 3.9.

Metrics to evaluate the pad surface profile

NU is used here to evaluate the waviness of the pad profile. Pad profile nonuniformity is defined as the mean deviation of the series of pad thickness values across
the pad diametric section from the mean pad thickness value. The standard deviation of
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the thickness values is employed as the measurement of variation. As illustrated in Figure
3.9(c), NU is described mathematically as:
.

Rp=12 in, Rc =1in
Np= 45 rpm, Nc=30 rpm
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Figure 3.10.

Effect of section sweeping time ti showing (a) pad profile comparison
and (b) flatness evaluation
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3.4.2 Effect of Section Sweeping Time ti
Figure 3.10 shows the effect of section sweeping time ti on TTV, Bow, and NU
when the sweeping profile is uniform (i.e. ti = constant, ∀ i = 1, 2, …, 10). The section

sweeping time ti is increased from two sec to ten sec whilst the total conditioning time

remains constant. In Figure 3.10(a), it can be seen that all the pad surface profiles are
overlapped to each other. In Figure 3.10(b), TTV, Bow and NU appear to be constant for
all five levels of section sweeping time. Thus, it can be concluded that the section
sweeping time ti does not affect the pad surface profile significantly.

Table 3.3.

Sweeping profile
UNIFORM
CONCAVE
CONVEX
DESCENT
ASCENT

Sweeping profiles used for pad surface profile simulation

Sweeping time for segment i (sec)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
3.76 3.30 2.85 2.43 2.05 1.72 1.44 1.23 1.08 1.01 1.01 1.08 1.23 1.44 1.72 2.05 2.43 2.85 3.30 3.76
0.24 0.70 1.15 1.57 1.95 2.28 2.56 2.77 2.92 2.99 2.99 2.92 2.77 2.56 2.28 1.95 1.57 1.15 0.70 0.24
4 3.8 3.6 3.4 3.2 3 2.8 2.6 2.4 2.2 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

3.4.3 Effect of Sweeping Profile {ti}
Table 3.3 lists five sweeping profiles used to simulate the pad surface profiles.
They are UNIFORM, ASCENT, DESCENT, CONVEX, and CONCAVE. In UNIFORM,
all pad sections are conditioned equally for 2 sec. In ASCENT, ti is varied from 0.65 sec
to 3.5 sec in increments of 0.15 sec to form a linear diagonal pattern. DESCENT is
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obtained by reversing ASCENT. In CONVEX, ti is varied to achieve a convex pattern.
CONCAVE is obtained by inverting CONVEX. From Figure 3.11(a), it can be seen that
the sweeping profile shows a significant effect on the pad surface profile. Different
sweeping profiles result into significantly different pad surface profiles and the sweeping
profile takes a “mirroring” effect on the pad surface profile. In Figure 3.11(b), it can be
seen that DESCENT shows the highest TTV whilst CONVEX shows the highest Bow.
ASCENT and CONVEX show the highest values of NU. UNIFORM exhibits the best
flatness in terms of TTV and NU.
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Figure 3.11.

(b)
Effect of sweeping profile {ti} showing (a) pad profile comparison and
(b) flatness evaluation at R p =12”, R c =1”, N p = 45 rpm, N c =30 rpm
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Effect of pad rotating speed showing (a) pad profile comparison and
(b) flatness evaluation

3.4.4 Effect of Pad Rotating Speed
Figure 3.12(a) shows the simulation results when pad rotating speed is varied
while all other parameters are held constant. From the simulation results, it can be seen
that there is a significant decrease in pad thickness as the pad rotating speed increases.
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This effect can be explained in the following way. Assuming the conditioner is held
stationary, increasing the pad rotating speed leads to the increase of contact between the
pad surface sections with the diamond disc conditioner. The pad surface profiles resulted
from conditioning at various pad rotating speed are evaluated in Figure 3.12(b).
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Effect of conditioner rotating speed showing (a) pad profile
comparison and (b) flatness evaluation
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12

It can be seen that TTV, Bow and NU deteriorate as the pad rotating speed
increases. This is a clear indication that conditioning at a lower pad rotating speed is
preferred. It can be concluded that higher pad rotating speed generates more pad wear
and makes the pad profile more concave and less uniform. However, whilst considering
the choice of pad rotating speed, it should be noted that the same operational parameter is
directly related to the MRR of the wafer being polished. Therefore a tradeoff has to be
made between pad surface characteristics and wafer MRR.
3.4.5 Effect of Conditioner Rotating Speed
Figure 3.13 shows the effect of conditioner rotating speed on the pad surface
profile. From Figure 3.13(a), it can be observed that similar pad profiles are generated for
five levels of conditioner rotating speed from 15 rpm to 75 rpm. There is a slight increase
of pad wear around the pad center area as the conditioner rotating speed increases. In
Equation (3.10), the contribution of conditioner rotating speed (ωc) to the swept distance
(Z) is less than the pad rotating speed (ωp) because the pad always shows a much larger
diameter than the conditioner. Form Figure 3.13(b), it is easy to observe that TTV
increases slightly with the increase of conditioner rotating speed. The conditioner rotating
speed does not show a significant effect on Bow and NU.
3.4.6 Effect of Conditioner Diameter
Figure 3.14 shows the effect of conditioner diameter on the pad surface profile. It
indidates that the amount of pad wear resulted from conditioning increases with the
increase of conditioner diameter. The larger the conditioner diameter, the more sections
that are in interaction with the abrasive surface and thus the higher cumlative
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conditioning times that those sections are conditioned. Figure 3.14(b) indicates that TTV,
Bow and NU deteriorate significantly as the conditioner diameter increases. Hence, it can
be concluded that a larger conditioner disc size makes the pad more worn, more concave
and thus less uniform. Theoretically speaking, a point diamond conditioner would
produce the best results but it might be practically unacceptable.
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Effect of conditioner diameter showing (a) pad profile comparison
and (b) flatness evaluation
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3.5

Conclusions
A surface element model was utilized to develop a mathematical model to predict

the pad surface profile resulted from diamond disc conditioning in CMP. The model was
utilized to investigate the effect of conditioning parameters on pad surface profile. Three
metrics, namely TTV, Bow, and NU, were defined and used to evaluate the pad surface
profile characteristics. Major conclusions can be summarized as follows:
•

The surface elemnt model is effective to simulate the kinematics of conditioner-pad
interaction in diamond disc pad conditioning and accurately predict the pad surface
profile. A slight deviation between the simulation results and the experimental data
can be attributed to conditioning tests setup, pad deformation and process variations
due to polishing wafers.

•

There always exist some transition regions in the pad profile near the pad center and
the pad periphery. These transition regions show a sharp linear increase towards the
pad periphery or a sharp linear decrease away from the pad center. They are resulted
from cumulative wear due to overlapped conditioning and can be related to the
conditioner radius.When the total conditioning time remains constant, the section
sweeping time does not affect the pad surface profile.

•

The sweeping profile has a “mirroring” effect on the pad surface profile. Thus the flat
sweeping profile gives the flattest pad profile.

•

Higher pad rotating speed generates more pad wear and makes the pad surface profile
more concave. Thus, conditioning at a lower pad rotating speed is preferred.
However, whilst lowering pad velocity for expected improvements, a tradeoff has to
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be made between pad surface profile characteristics (TTV, Bow, and NU) and wafer
MRR.
•

The conditioner rotating speed exhibits a much weaker effect on the pad surface
profile than the pad rotating speed.

•

The smaller the conditioner diameter, the flatter the pad surface profile. Theoretically
speaking, a single point diamond conditioner would produce the most flat surface
profile but it might be practically unacceptable.
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CHAPTER 4
CONDITIONING DENSITY MODEL

4.1

Introduction

Studies have suggested that the amount of pad wear experienced at a section has a
strong correlation with the conditioning density (CD) at that area. (Byrne et al., 1999,
Hooper et al., 2002, Hua et al., 2009, Qin et al., 2009, Tsai, 2010a). Initially, Hooper et
al.(2002), developed a simple model where CD is determined by the sweeping velocity of
the arm Varm , and the radial position on the pad, Rpad (CD =1/Varm·Rpad ). Later, Feng
(2007) developed a more elegant kinematic CD function based on the polishing
trajectories generated by a conditioner. Feng’s CD model was used as a measure of
dressing performance and also, by inference, to predict pad wear rate. In the study, it was
observed that to have a flat distribution of pad wear rate, the ratio of disk-radius to padradius must be as small as possible. Feng concluded that several concerns needed to be
investigated further. Among them are; different sweeping motions, non-uniform grit
distribution, the assumption of a slow sweeping motion, and ultimately the search for an
optimal set of parameters to satisfy a certain criterion. Yeh and Chen (2010) also
commented that Feng’s model, despite its utility, does not consider the fact that a specific
area of the pad may require several “cuttings” to restore it. Thus, Yeh and Chen
suggested a modification of the conditioning density definition to include the influence of
other related information. In addition, a mathematical relationship between CD and the
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pad profile is not mentioned and only numerical examples are provided to verify the
model.
With regard to these issues, a conditioning density distribution model was
developed to predict the pad surface profile resulting from the diamond disc conditioning
in CMP. A kinematic study was carried out to calculate and simulate the diamond grit
trajectories. An analytical model was then proposed to correlate the conditioning density
distribution with the wear of the polishing pad. In this model, different sweeping motions
as well as user defined grit distribution are considered. Furthermore, the pad surface
profile is predicted by the model and compared with experimental data.

4.2

Model Development

4.2.1 Assumptions
A typical pad conditioning cycle is illustrated in Figure 3.1. The pad and
conditioner rotate about their central axis at angular speeds of ωp and ωc respectively. At
the start of a conditioning cycle, the rotating conditioner is fed down to the pad from its
initial position and pressed against the pad surface under a constant pressure P. The
conditioner then moves along the radial direction of the pad at a velocity v(t). As the
conditioner touches the pad periphery, it lifts up from the pad surface and moves back to
its initial position to repeat next conditioning cycle.
In practice, the travel distance of the conditioner center is divided into m equal
sections as shown in Figure 3.1. In the configuration shown in Figure 3.1, m=10. The
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length of each section is 𝑤 =

𝑅𝑝 −2𝑅𝑐
𝑞

, where Rp is the pad radius and Rc is the conditioner

radius. The time it takes for the conditioner to traverse the section k (k = 1, 2, 3, … , m) is
defined as tk. tk is equal to

𝑤
𝑣

and is adjustable. A sequence of tk which sums up to tcycle is

defined as a sweeping profile. The radial distance traveled by the conditioner from the
pad center by time t can be obtained as:
𝑑 = 𝐷(𝑡′) = 𝐿 + � 𝑣𝑑𝑡′

,

where

𝑡′ = 𝑡(𝑚𝑜𝑑(𝑡𝑐𝑦𝑐𝑙𝑒 )).

(4.1)

Usually, L is set to be equal to the conditioner radius Rc or larger. In the case where L is
larger than Rc , the central area of the pad with radius L- rc will remain unconditioned. In
addition, the following assumptions are made.
1. It is assumed that all of the diamond grits embedded on the metal disc protrude with a
pyramid shape and have the same protrusion height as shown in Figure 2.2.
2. In the conditioning process, each diamond grit is in continuous contact with the pad
and will generate an individual trajectory on the pad surface.
3. The concentration of these trajectories on the pad depicts the conditioning density and
then pad material removal due to conditioning is assumed to be directly proportional
to the conditioning density.
4.2.2 Model Derivation
The relative velocity between conditioner and pad is represented generally as:
𝑣⃗𝑝/𝑐 = 𝑣⃗𝑝 − 𝑣⃗𝑐 = ω
�⃗𝑝 × 𝑑⃗ + �ω
��⃗𝑝 −ω
�⃗𝑐 � × 𝑟⃗ .
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(4.2)

Where vp is pad velocity, vc is conditioner velocity and r is the radius of a point on the
conditioner relative to the conditioner center. Figure 4.1 illustrates the kinematic model to
generate the diamond grit trajectories. At an instant of time t in the conditioning session,
the position of a diamond grit relative to the pad axes (Xpad ,Ypad) can be obtained as:
𝑥 = 𝑋(𝑡) = 𝑑 ∙ 𝑐𝑜𝑠�𝑤𝑝 𝑡� + 𝑟 ∙ 𝑐𝑜𝑠�(𝑤𝑝 − 𝑤𝑐 )𝑡 − 𝜃)�; and

(4.3)

𝑦 = 𝑌(𝑡) = 𝑑 ∙ 𝑠𝑖𝑛�𝑤𝑝 𝑡� + 𝑟 ∙ 𝑠𝑖𝑛�(𝑤𝑝 − 𝑤𝑐 )𝑡 − 𝜃)�.

Ypad
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Rc

D

θi

v(t)
Rp

Figure 4.1.
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Position of diamond grit relative to the pad x-y coordinates
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As illustrated in Figure 4.1, (ri ,θi ) defines the position of the ith diamond grit (out of Nd
total diamonds) relative to the conditioner center. For multiple diamonds on the
conditioner, the collection of trajectories on the polishing pad is described by:
𝑁𝑑
𝑁𝑑
𝑐𝑜𝑠�𝑤𝑝 𝑡�
𝑐𝑜𝑠�(𝑤𝑝 − 𝑤𝑐 )𝑡 − 𝜃𝑖 )�
𝑋(𝑡)
� =𝑑∙�
� + ⊕ 𝑟𝑖 �
�.
⊕ �
𝑌(𝑡) 𝑖
𝑠𝑖𝑛�𝑤
𝑡�
𝑠𝑖𝑛�(𝑤
−
𝑤
)𝑡
−
𝜃
)�
𝑝
𝑝
𝑐
𝑖
𝑖=1
𝑖=1

(4.4)

Equation (4.4) was utilized with Matlab to plot the conditioner trajectories. The
parameters are the input variables Np , Nc , Rp , T, tcycle and the set [ri ,θi] which describes
the conditioner diamond grit arrangement. Np and, Nc , the rotation speeds in rpm for the
pad and conditioner were converted to ωp and ωc respectively in rad/sec. All length units
are in inches and time is in seconds. Figure 4.2 illustrates a typical single diamond grit
trajectory over one cycle when the sweeping velocity is constant (v(t) = 0.1818 in/s).
Figures 4.3 to 4.5 illustrate the trajectories produced for various conditioner diamond
arrangements. The trajectory plots reveal that for different diamond arrangements, pad
conditioning differs in extent of coverage of conditioner-pad interaction.
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Figure 4.5.
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Conditioning density is defined as the average of total trajectory length per unit
area in the radial direction (Feng, 2007). Considering an infinitesimal part of the
trajectory, the length s of the curve generated within the time interval [ti , ti+1] can be
given as:
𝑡𝑖+1

𝑠 = 𝑙𝑖𝑚 � �∆𝑥 2 + ∆𝑦 2 ;

(4.5)

𝑡𝑖

which yields
𝑆 =�

𝑡𝑖+1

𝑡𝑖

�[𝑋′(𝑡)] 2 + [𝑌′(𝑡)] 2 𝑑𝑡.

(4.6)

Figure 4.6 shows how the trajectory length is measured computationally and how a
surface map can be used to account for the conditioner-pad contact distribution. The
scratch points indicate positions of diamond grit at specified intervals of time. In this
study, the conditioning density is evaluated for a set of annular sections along the radius
of the pad. Since the motion of the conditioner is restricted in one radial direction, part of
the conditioner trajectory can be considered to fall within a specific section j when t (say
trj and tRj ) is known for the section boundary radii (say rj and Rj). The length of a
diamond grit trajectory traveled between the times that the grit i traverses section j can be
determined as:
𝑆𝑖𝑗 = �

𝑡𝑅𝑗

𝑡𝑟𝑗

�[𝑋′(𝑡)]𝑖 2 + [𝑌′(𝑡)]𝑖 2 𝑑𝑡

where
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∀ 𝑗 = (1,2,3 … . 𝑛);

(4.7)

𝑅𝑝
𝑛

,

𝑡𝑅𝑗 = 𝐷−1 (𝑑) � 𝑑=𝑅𝑗

,

𝑅𝑗 = 𝑗

and

𝑟𝑗 = (𝑗 − 1)

𝑅𝑝
;
𝑛

(4.8)

𝑡𝑟𝑗 = 𝐷−1 (𝑑) � 𝑑=𝑟𝑗 .

Figure 4.7 shows the development of the pad profile from trajectory length. For
the entire collection of diamonds on the conditioner, the trajectory distribution is
described by:
𝑁𝑑

𝑆𝑗 = � 𝑆𝑖𝑗
𝑖=1

Figure 4.6.

∀ 𝑗 = (1,2,3 … . 𝑛).

(4.9)

Development of surface map from trajectory length per unit area
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rp

Development of pad profile from trajectory length

This distribution does not directly reflect the amount of pad removal since pad
wear is affected by the size of the conditioned area. To account for the conditioned area,
the average conditioning density CDj for a specified section j is given as:
𝐶𝐷𝑗 =

𝑁𝑆𝑗

𝜋�𝑅𝑗 2 − 𝑟𝑗 2 �

∀ 𝑗 = (1,2,3 … . 𝑛);
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(4.10)

where 𝑁 = 𝑡

𝑇

𝑐𝑦𝑐𝑙𝑒

and T= total conditioning time.

Since it is of interest to finally determine the pad profile, conditioning density is

computed for the set of n annular sections of equal width. In equation (4.11), these values
are then correlated with an average pad wear thickness ∆𝐻�𝑟𝑝𝑗 � for corresponding radii
𝑟𝑝𝑗 of the pad. The description of pad profile development is illustrated in Figure 4.8.
∆𝐻�𝑟𝑝𝑗 � = 𝐾 ∙ 𝐶𝐷𝑗 �𝑟𝑗 < 𝑟𝑝𝑗 < 𝑅𝑗

(4.11)

Coefficient K is utilized to account for other process conditions. K involves advanced
physics and is reported to be dependent on the pad roughness, asperities, elasticity,
surface chemistry and abrasion effects as well as conditioner characteristics (Nanz and
Camilletti, 1995). In this study, the value of K is modified by substituting the
experimental data into the simulation results. Considering the initial pad thickness Ho, the
pad surface profile (pad thickness H(rp)) along the radial direction of the pad can be
obtained from the wear prediction in Equation (4.12): The plot of H(rp) against the pad
radius describes one half of the pad profile.
𝐻�𝑟𝑝 � = 𝐻𝑜 − ∆𝐻�𝑟𝑝 �
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(4.12)
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Simulation results for typical conditioning case (UNIFORM)
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4.3

Simulation and Experimental Validation

4.3.1 Simulation Conditions
The Matlab software package was utilized to explore simulation results for major
stages in the model development. For a typical conditioning case termed UNIFORM, the
parameters are chosen as Np=75 rpm, Nc=70 rpm, Rp=12”, T=660 s, tcycle =55 s and
v(t)=0.1818 in/s. A 2” conditioner with combined (radial x annular) arrangement of 200
diamond grits is used. The pad surface is divided into 24 annular sections.
Figure 4.8(a) shows the distribution of total contact distance Sj of the conditioner
and corresponding CDj on the pad surface. The surface map shown in Figure 4.8(b)
reveals the areas where conditioning is more intense. For a UNIFORM conditioner
sweeping speed, it is seen that the total contact distance experienced by the conditioner
increases for the outer sections. A 3-D view of the pad surface profile for a UNIFORM
sweeping profile is shown in Figure 4.8(c). Since the pad conditioner operates on one
side of the revolving pad, the pad profile is symmetrical about the pad’s axis of rotation.
Interestingly, the 3-D view reveals a central bump and an inner surface which is
correlated with the sweeping profile bounded by a peripheral wall. It is observed that the
size of base of the central bump is related to L.
4.3.2 Simulation Results and Discussion
The model is verified with published experimental data by Freeman and Markert
(1996). Three experimental sweeping profiles (FLAT 1, FLAT 2, and BELL) which
correspond to three sweeping velocity functions are listed in Table 4.1. FLAT 1 increases
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linearly in time from the pad center to the periphery. FLAT 1 is proposed to test a
hypothesis that the conditioning time should increase linearly along the pad radius to
compensate for the increase of the pad area. FLAT 2 has a constant sweeping profile to
test the hypothesis that the pad surface profile is independent of the increase of the pad
area along radial direction. BELL is proposed to generate a bell shape sweeping profile
by increasing the time at the beginning and the end and reducing the time around the
middle.

Table 4.1.
Sweeping
Profile
FLAT 1
FLAT 2
BELL

Sweeping profiles used for model verification (Adapted from
Freeman and Markert, 1996)
� 𝒗𝒅𝒕

0”

tk (sec)

-

4.1

4.0

4.4

4.8

5.2

5.6

6.0

6.4

6.8

7.2

Σtk (sec)

0

4.1

8.1

12.5

17.3

22.5

28.1

34.1

40.5

47.3

54.5

tk (sec)

-

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

Σtk (sec)

0

5.5

11.0

16.5

22.0

27.5

33.0

38.5

44.0

49.5

55.0

tk (sec)

-

8.1

5.4

4.0

2.2

2.4

2.6

2.8

5.8

9.8

13.0

Σtk (sec)

0

8.1

13.5

17.5

19.7

22.1

24.7

27.5

33.3

43.1

56.1

1”

2”

3”

4”

5”

6”

7”

8”

9”

10”

To simulate each sweeping pattern, the relationship between the swept distance
∫ 𝑣𝑑𝑡 and cumulative conditioning time Σtk is fitted with a polynomial curve to derive the

respective sweeping distance equations:
� 𝑣𝑑𝑡

0.1818(𝑡′)
𝑓𝑜𝑟 𝐹𝐿𝐴𝑇 2;
′ )2
′)
𝑓𝑜𝑟 𝐹𝐿𝐴𝑇 1; and
= �−0.0011(𝑡 + 0.2415(𝑡 + 0.1036
−6 (𝑡′)4
3
2
6 × 10
− 0.0008(𝑡′) + 0.0315(𝑡′) − 0.1487(𝑡′) + 0.1092 𝑓𝑜𝑟 𝐵𝐸𝐿𝐿.
(4.13)
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The experimental process parameters are presented in Table 3.1. Figure 4.9 shows
the model simulation results overlain with experimental data when the same conditioning
parameters are used. For the simulation results of FLAT 1 shown in Figure 4.9(a), a sharp
linear increase in pad wear can be observed near the pad center area followed by a slower
linear increase and terminated with a sharp linear decrease around the pad periphery area.
For FLAT 2 a constant wear can be observed in between a sharp increase wear near the
pad center and a sharp decrease wear near the pad periphery as shown in Figure 4.9(b).
This confirms the initial hypothesis that the pad surface profile is largely independent of
the increase of the pad area along radial direction. In a similar nature the results for
BELL, as shown in Figure 4.9(c), reveal a bell-shaped wear profile.
From all three results, it is observed that the pad wear always shows a sharp linear
increase near the pad center and a sharp linear decrease near the pad periphery to form
transition regions. These transition regions are resulted from the inability of all the
diamond grits to have full interaction with the pad during their revolution since the entire
diameter of the conditioner does not sweep over the central and peripheral areas.
The effect of transition regions could be mitigated by reducing the conditioner
disc size, allowing conditioner overhanging and possibly allowing step function
modifications to the sweeping profile although further investigation is required. It can be
concluded that the sweeping profile has a great effect on the pad surface profile. Different
sweeping profiles will generate significantly different pad surface profiles.
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Figure 4.9.

Simulation results vs. experimental results of three sweeping profiles
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The good agreement between the simulation results and published experimental
data indicates that the model developed from the conditioning density can be used to
accurately predict pad surface profile resulted from diamond disc conditioning. The slight
deviations observed in the comparison can be attributed to the sweeping pattern
approximation and experimental conditions such as conditioning tests setup, pad
deformation, and process variations due to polishing wafers.

4.4

Conclusions

An analytic model was utilized to predict the pad surface profile from the area
density of conditioner-pad interaction given the sweeping profile (defined by a function),
conditioner disc design and process kinematic parameters. A surface map was utilized to
account for the trajectory length per unit area as a visual measure of conditioner-pad
contact distribution. Major conclusions can be summarized as follows.
•

The developed model was able to simulate the kinematics of diamond disc pad
conditioning and accurately predict the pad surface profile.

•

The model was able to account for specific conditioner diamond grit arrangement
(regular/random/annular/full/etc). It was observed that under different diamond grit
arrangements, the actual conditioner-pad interaction is different in terms of surface
coverage.
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•

By investigating three sweeping profiles, it was confirmed that the sweeping profile
has a strong effect on the pad surface profile and the pad profile is largely
independent of the increase of the pad area along radial direction.

•

There always exist some transition regions near the pad center and the pad periphery.
These transition regions show either a sharp linear decrease or a sharp linear increase
pad thickness. These transition regions are resulted from the inability of all the
diamond grits to have full interaction with the pad during touchdown and lift off
stages of the conditioning cycle. This could be mitigated by reducing the conditioner
disc size, allowing conditioner overhanging and possibly allowing step function
modifications to the sweeping profile.

78

CHAPTER 5
2-D MORPHOLOGY AND FINITE ELEMENT ANALYSIS OF PAD

5.1

Introduction
The polishing pad plays a primary role in the CMP process. The pad transports

slurry to the wafer surface and also transmits normal and shear forces from the polisher to
the wafer (Li, 2008). During the conditioning process, the rotating conditioner is fed
down to the pad from an overhead position and pressed against the pad surface under a
predetermined down force. At this point, local compression is introduced on the pad
suface resulting in deformation. The pad’s mechanical response (such as pad deformation,
wear, stress and strain) to polishing and conditioning forces is crucial to the fundamental
understanding of the material removal mechanism of CMP. Mechanical properties
(composite modulus and hardness), liquid permeability and surface roughness of CMP
pads are highly related to the foam morphology (Cook, 1999).
Despite the advancement of experimental and theoretical studies on diamond disc
pad conditioning, there are only few published reports about the effect of conditioning on
the pad deformation. Horng (2003) developed pad deformation equations for
conditioning using Hertzian contact theorem and principle of elasticity. A set of CMP
investigators have used the FEA approach to model the interactions between the pad,
wafer and abrasive particles to predict wafer MRR (Bozkaya and Muftu, 2009), WIWNU
(Lee et al., 2004, Lin et al., 2008), wafer flatness (Zhang et al., 2005), pad surface
asperities (Jiang and Muldowney, 2007) and pad wear (Li et al., 2010). This powerful
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computational approach allows for complex geometries and more detailed representation
of physical characteristics and mechanics of the process components in the model.
However, none of the available FEA modeling reports considers pad conditioning and its
effects on the CMP process.
To model the CMP pad more accurately, its internal microstructure needs to be
understood. This has called for studies into the morphological and mechanical properties
of CMP pads. Several methods (Sexton, 2009, Ridha, 2007, Choi et al., 2011, Centeno et
al., 2005, Machinski et al., 2001) have been used to examine the surface and internal
structure of foam/porous media. CMP pad images have been analyzed using statistical
design analysis (Centeno et al., 2005), attenuated total reflectance fourier transform
infrared (ATR/FTIR) (Lu et al., 2002) and spectrometry (Machinski et al., 2001) to
characterize the surface of CMP pads. However, most of these approaches are expensive
and intricate. Moreover, a detailed study on the characterization of the internal
morphology of CMP pads is still lacking.
In this chapter a two-dimensional (2-D) image processing procedure is proposed
for the characterization of morphological and mechanical properties of CMP pads. First,
assumptions are drawn, characterization parameters are defined and the procedure is
described. The procedure is utilized to characterize a chosen CMP pad. Characterization
data is incorporated into an FEA model to investigate the mechanical behavior of CMP
pads with enhanced fidelity. A 2-D axisymmetric quasi-static FEA model is proposed to
investigate the interaction between the diamond disc conditioner and the polishing pad
for the first time. The FEA model is developed and utilized in the ANSYS (ANSYS Inc.,
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275 Technology Drive, Canonsburg, PA 15317, USA) simulation software to study the
effects of some process parameters on the pad deformation.

5.2

Image Processing

A typical CMP pad consists of two stacked components; (1) a rigid top-pad with
its upper surface in contact with the wafer and bottom surface adhered to (2) a resilient
soft base termed the sub-pad (Wang et al., 2008). The IC1000 and IC1400 pad are the
most common CMP pads in industry today (Wang et al., 2008) and have been studied
more than any other CMP pad type. With the IC1400, the top pad is a microporous filled
cast polyurethane material IC1000 polymer (Doering and Nishi, 2008). The IC1000 layer
has a closed cell structure with hollow spherical micropores. The sub pad is of buffed
high density urethane foam (Rodel, 2001) with a closed-cell foam structure (DeNardis et
al., 2006). An assumption of spherical micropores is considered valid under two
conditions: (1) if the pad is unused and, (2) if the pad slice to obtain the cross section
image is undeformed and obtained using a vertical plane. It is also necessary to assume
that the solid (cast urethane polymer) matrix of the foam is homogenous. Figure 5.1
shows a flowchart for the logical description of the image processing procedure
beginning from reading the acquired pad cross-section image to characterization results.
With good segmentation of 2-D slice images, accurate image data can be retrieved
and reliable characterization can be attained. This begins by converting a gray-scale
image into a binary image using the conventional thresholding method.
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Image processing procedure

The 8-connected neighborhood criteria (Chugh, 2010) is used to determine
connected pixels and subsequently to identify and label all individual components in the
image. Shape measurements such as area (𝑎𝑖 ) , centroid (𝑜𝑖 ) , equivalent diameter
(𝑑𝑖 ) and perimeter (𝑝𝑖 ) of all n components are computed. With this data, values of

morphological characterization parameters can be extracted. Table. 5.1 lists and defines
the parameters chosen to characterize the morphology of the pad. The eccentricity for
each pore is measured. The average value assists in accessing the validity of the
assumption of spherical pores. The mean, median and standard deviation of the pore size
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also provide a general description of the pore geometry. From observation of several
fitted pore data, the statistical distribution of the pore size is appropriately described by a
lognormal distribution.

Table 5.1. Pad morphological parameters
Parameter
Definition
Eccentricity

The ratio Ɛ of the distance between the foci of the ellipse (that has
the same second-moments as the pore component) and its major
axis length. The value is between 0 (for a circle) and 1 (for a line
segment).
𝑆 ∙∑𝑛 𝑑

𝑖=1 𝑖
Mean pore diameter given by: 𝜇𝑑 =
; where S is the scale
Mean
𝑛
(μm /pixel).
Pore
size Median(μm) Median pore diameter given by: 𝑑̃ = 𝑆 ∙ 𝑚𝑒𝑑𝑖𝑎𝑛 {𝑑𝑖 }.
Probability distribution of pad pore diameter fitted with a logDistribution
normal distribution specified by mean μ2 and standard deviation σ.

Pore linear
spacing (μm)

Pore angular
spacing (rad)

Distance ri between
pore centroid and
centroid of closest
neighbors (lengths of
edges of Delaunay
triangulation). A lognormal distribution is
adapted for ri..

pore

θ2

edge

o2
r2

θ3

r1

o3

θ1

r3
centroid

o1

The angle θi that an edge connecting two pore centroids makes with
the horizontal.

Ratio of the area of void-space (pores) and the total or bulk area of
(including the matrix and pore components) given by:
Pore density (void the pad
∑𝑛
𝑎
𝑖
fraction)
𝜙 = 𝑖=1
; where l and h are the length and height of the image
𝑙ℎ
respectively.
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The x and y values of the component centroid define the position of the pores
distributed within the pad polymer matrix. The pore centroid distribution provides a
general description of the pore formation. To adequately model the structure of the foam,
it is important to understand the morphological relationship between pores.
Delaunay’s approach is adapted to characterize this relationship. Given the set of
pore centers, the Delaunay triangulation generates a set of lines connecting each pore to
its natural neighbors. These lines form a set of triangles such that no data points (pore
centers) are contained in any triangle's circumscribed circle. The set of triangle edge
lengths is used to infer the pore spacing distribution and homogeneity.
SEM images of IC1400 (top-pad and sub-pad) were obtained from published
sources (Shown in Table 5.2) and prepared for processing. The preparation involved
removal of image boundaries and non-foam features (such as scale bar, etc) followed by
enhancement of the contrast and brightness. The scale of each image was determined
manually by using the image processing toolkit ImageJ (National Institutes of Health,
USA). The computations described in the image processing procedure were carried out
using the Matlab Image Processing toolbox.

84

Table 5.2.
Pad Type

Image processing results
IC 1400 Top-pad

IC 1400 Sub-pad

Original Image

Source

DeNardis et al. (2006)

DeNardis et al. (2006)

Binarized and filtered
image

30

15

Distribution (%)

Distr. of pore sizes

Distribution (%)

25

20

15

10

10

5

5

0
10

30

20

50

40

Pore size (µm)

70

60

0

80

30

30

25

25

20

15

10

5

0

Pore
morphological
relationship

50

100

150

Pore size (µm)

20

15

10

5

0

200

400

600

800

1000

Pore spacing (µm)

1200

0

0

1000

800

600

400

200

Pore spacing (µm)

1200

Distribution of pore linear spacing
4

3.5

3.5

3

Distribution (%)

Distribution (%)

3
2.5
2
1.5
1
0.5
0
-2

2.5

2

1.5

1

0.5

-1.5

-1

-0.5

0

0.5

Angle (rad)

Ɛ
𝜇1 (μm)
𝑑̃ (μm)
Distr. of d [μm,μm]
Distr. of r [μm,μm]
Distr. of θ [rad,rad]
𝜙

0

35

Distribution (%)

Distribution (%)

35

1

1.5

2

0
-2

-1.5

-1

-0.5

0

0.5

1

1.5

Angle (rad)

Distribution of pore angular spacing
0.68
0.55
26.5
37.5
24.7
32.7
Lognormal [3.2256,0.311]
Lognormal [3.463,0.577]
Lognormal [4.2893,0.4421]
Lognormal [4.388,0.428]
Uniform [-π/2,-π/2]
Uniform [-π/2,-π/2]
0.1427
0.2889
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2

5.3

Characterization Results

Table. 5.2 shows the results for the characterization of IC1400. In the binarized
and filtered image, white pores are shown against a black background of the polymer
matrix. A histogram of the pore size 𝑑 corroborates that the distribution of the pore size
follows a lognormal distribution. Similarly, pore linear spacing r follows a lognormal
distribution. However, the pore angular spacing θ is better described by a uniform
distribution (except a slight spike in 0o and 90o neighbours). The eccentricity values being
less than 0.68 indicate that the characterized pores are fairly circular. It is expected that
higher resolution images will provide better eccentricity values.
A visual comparison of the top-pad and sub-pad (from both Table. 5.2 and Figure
5.2) shows that the sub-pad is more porous than the top-pad (DeNardis et al., 2006). This
is confirmed by the higher 𝜙 value for the IC1400 sub-pad. In Figure 5.2, the geometrical

model of the cross section of the characterized pads is shown overlain with a Delaunay
triangulation connecting all the centers of the circular pores. The geometrical model
provides a close representation of the actual pad morphology (including the shape, size
and position of pad pores within the polymer matrix) required for the finite element
model.

86

1000

y(µm)

800

600

400

200

0

0

500

1000

x(µm)

1500

2000

(a)
1200

1000

y(µm)

800

600

400

200

0

0

500

1000

x(µm)

1500

2000

(b)
Figure 5.2.

5.4

Geometric model of IC1400 (a) top-pad and (b) sub-pad cross sections
overlain with corresponding Delaunay triangulations

FE Model Development

5.4.1 Assumptions
The pad is modeled as a solid block impregnated with circular holes to represent
the foam microstructure. Here, the effect of the gas trapped in the pores is ignored. The
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pad block is in contact with a conditioner block. Stresses on the pad surface arise mainly
from two sources; (1) down pressure from the conditioner head and (2) shear forces due
to the relative motion of the conditioner and pad. For simplicity, the contact surface
between the conditioner and pad can be considered as a smooth plane. Then a uniformly
distributed normal pressure acts on the head of the conditioner block. Sliding contact
between the conditioner and pad causes a traction force which can be correlated to the
relative velocity between the conditioner and pad. This can be ignored if the pad and
conditioner rotating speeds are similar. With the given configuration, static equilibrium is
necessitated to solve the deformation equations. A quasi-static simulation is thus
employed. Considering symmetry of pad profile and quasi-static conditions, loading can
be assumed to be axisymetrically distributed. In this model, the pad and the conditioner
are assumed to be free from internal forces prior to the application of loads.
5.4.2 Model Parameters
Geometric and material properties of interest include the elastic modulus of the
foam matrix, poisson ratio, pad thickness and porosity. Due to the considerable
anisotropic properties of the pad and difficulty in obtaining consistent data, the model
parameters are chosen based on empirical relations and the image processing results.
First, the matrix of the pad is assumed to possess isotropic mechanical properties. To
avoid convergance errors, a Poisson’s ratio of υ = 0.35 is chosen as a compromise to a
value near 0.5 for polyurethane elastomers. For the conditioner, υ = 0.3.
There are several differing reports on the Young’s modulus E of the IC1400 pad
(ranging from 4Mpa to 350Mpa). This is probably due to anisotropy of the pad, diverse
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testing methods/conditions or reference to other elastic moduli. However, reports on the
hardness of the pad are consistent. Thus, in this study, E is derived from knowledge of
the pad’s shore hardness. Qi et al. (2003) stated that a linear relation between the Shore
hardness and the logarithm of E is applicable over a large range of Shore A and Shore D
hardnesses for elastomeric materials. The relation is given as:
log10 𝐸 = 0.0235 ∙ 𝑆 − 0.6403; 𝑆 = �

𝑆𝐴 𝑓𝑜𝑟 20 < 𝑆𝐴 < 80
;
𝑆𝐷 𝑓𝑜𝑟 30 < 𝑆𝐷 < 85

(5.1)

where SA is the Shore A hardness and SD is the Shore D hardness. Provided with the
average IC1000 SD of 57 (Rohm&Haas, 2004), E of the bulk top-pad is determined to be
approximately 75 Mpa. The subpad can have a Shore A hardness between 35 to 50
(Prasad, 2007). Thus, E of the bulk subpad is determined to be approximately 2.3 Mpa.
Since the pad is modeled with consideration of the internal microstructure, E0 is
assigned to the pad polymer matrix only and not the bulk pad. Hence, a correlation
between 𝜙, E0 and E is necessary. Based on a large number of experimental observations

of pore deformation, Lu et al. (Lu et al., 1999) developed a simple model to correlate the
macro-properties of porous materials from the the micromechanics viewpoint. The bulk
elastic modulus, E, for high values of porosity such as for foams is given as:
𝐸 = 𝐸0 (1 − 𝜙)2 ;

(5.2)

where E0 is the elastic modulus when the porosity 𝜙 is zero. Figure 5.3 shows the
determination of the E0 of the pad matrix polymer. Considering an IC1400 top-pad with

E = 75 Mpa at 𝜙 = 0.35, E0 of the modeled top-pad is obtained to be 130 Mpa at 𝜙 =
89

0.1427 and 177 Mpa at 𝜙 = 0. Considering a subpad with E = 2.3 Mpa at 𝜙 = 0.5, E0 of

the modeled sub-pad is obtained to be 4.7 Mpa at 𝜙 = 0.2889 and 9.3 Mpa at 𝜙 = 0.
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Figure 5.3 Relationship between the porosity and elastic modulus

5.4.3 Finite Element Model
The deformation problem is modeled using a structural mechanics approach in
ANSYS. Contact is simulated by defining a set of elements (with a considerably small
height) inbetween the contacting surfaces. The defined elements share the same nodes
with the contact surfaces. In this way, the target surface elements can directly impact the
contact surface upon loading. 2-D 4-node structural solid elements were used. Figure 5.4
shows the boundary conditions for the 2-D FEA model.
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Figure 5.4 Boundary conditions of 2-D FEA model

x

The pad is modeled by stacking the gemoetric models of the top-pad and sub-pad
(from Figure 5.2) together into a block. The model is discretized into 87767 elements
and 56509 nodes. Since it is of interest to visualize the surface and sub-suface
deformation, a much finer mesh was used for the pad in comparison to the conditioner.
Meshing was performed such that the discplacements at the surfaces of contact between
the conditioner and top-pad and also the top-pad and sub-pad were identical in all
directions. Since the bottom surface of the pad is fixed, all nodes lying on the bottom
plane are fixed in all degrees of freedom. Displacement of all nodes lying along the axis
of symmetry are restricted to the z-axis.

5.5

Results and Discussion

To investigate the effect of process parameters including, pad stiffness and
conditioning pressure on the pad deformation, three levels of each parameter are
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simulated. Table 5.3 provides a list of the parameter values used at each level. Figure 5.5
shows the variation of deformation of the pad surface and subsurface. It can be seen that
upon deformation, the pad surface directly under the conditioner remains flat and
experiences the most deformation. The surface out of contact with the conditioner
inclines upward away from the edge of the conditioner. Also, the intensity of deformation
reduces away from the bottom of the conditioner with the deformation of the top-pad
only as much as the deformation at the top of the sub-pad. A slight bulge is also observed
at the free end of the sub-pad.

Table 5.3 Parameters used for simulation
Parameter
E0 of top-pad matrix (MPa)
Conditioning Pressure P (N)
E of conditioner (MPa)
E0 of sub-pad matrix (MPa)
Thickness of top-pad t1 (μm)
Thickness of sub-pad t2 (μm)
Porosity of top-pad (%)
Porosity of sub-pad (%)
Poisson ratio of matrix

1
83
40

Levels
2
130
70
180x103
9.30
1181.00
1203.00
14.27
28.89
0.35

3
177
100

Considering the microstructure of the pad, it can be seen that the pores of the subpad deform into an ellipsoid shape whilst those of the top-pad remain fairly circular. This
suggests that, as intended, the sub-pad enables the stacked pad to be more flexible, while
still maintaining high enough stiffness of the top surface layer.
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In CMP, conditioning pressure is usually increased to intensify the regeneration of
pad surface. In Figure 5.6, the conditioner is subjected to three conditioning loads.
Results show that deformation increases with increasing conditioning pressure P. The
evenly spaced deformation profiles suggest that conditioning pressure may have a linear
relationship with the depth of deformation. The graph also confirms the initial
observation that the surface of the top-pad deforms only as much as the surface of the
sub-pad except at the edge of the conditioner.
The effect of pad hardness is investigated by varying E0 of the top-pad material.
Results from Figure 5.7 show that deformation increases as expected when pad material
becomes softer. However, unlike the resulting deformation profiles for P, the range of
deformation (both top-pad and sub-pad) over the length of the pad increases as the pad
gets softer.

(a)

Figure 5.5.

(b)

(a) FEA model and (b) variation of average pad deformation at E0=130
Mpa and P =70 N
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Effect of conditioner pressure (P) on deformation (E0 = 177 Mpa)
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Effect of pad stiffness (E0) on deformation at P = 70 N for top-pad
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5.6

Effect of pad stiffness (E0) on deformation at P = 70 N for sub-pad

Conclusions
Pad deformation due to pad conditioning during CMP affects several aspects of

the process output. Analysis of these effects is crucial to the fundamental understanding
of the material removal mechanism of CMP. A 2-D image processing procedure has been
developed for the characterization of the morphological and mechanical properties of
CMP pads. Characterization data was incorporated into a 2-D axisymmetric quasi-static
FEA model to investigate effects of process parameters (pad stiffness, and conditioning
pressure) on the pad deformation with enhanced fidelity. Three levels of each parameter
were simulated. Results show that: (1) the conditioner slightly indents the pad with its top
surface inclined away from the edge of the conditioner, (2) the softer sub-pad deforms to
permit a more planar profile of the top-pad (3) deformation increases as the pad’s elastic
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modulus decreases, and (4) deformation increases with increasing conditioning pressure.
Since the mechanical properties, liquid permeability and surface roughness of CMP pads
are highly related to the foam morphology, the model provides an avenue for more
accurate quantitative comparison of pads of different composition and design for high
performance industrial applications.
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CHAPTER 6
CONDITIONER DESIGN OPTIMIZATION

6.1

Introduction

Despite the progress made to control the pad surface profile, attaining a uniform
pad surface texture (from the homogenous distribution of regenerated asperities) still
remains a challenge. As mentioned in Section 1.5, CMP suppliers (system and
consumables) and end users are more interested in collaborative evaluation of new
consumables geared towards reducing CMP Cost of Ownership. This is achieved
primarily

through

extended

pad

and

conditioner

lifetime

and

minimizing

development/optimization time and repetition of efforts (Singh et al., 2011). Pad
conditioner performance must be optimized not only for maintaining desired pad surface
morphology but also for preserving device yield, reducing defectivity and enhanced
process stability throughout pad’s lifetime. This calls for more stringent control of
diamond disc design features. Generation of optimal pad surface texture requires the
optimization of various conditioner design parameters.
Pysher et al. (2010) proposed the concept of a pad conditioner design space (plot
of conditioner surface finish against aggressiveness number) to understand different
classifications of diamond pad conditioners to facilitate the selection of a disk design for
a particular CMP application. Their efforts were experimental and directed towards pad
MRR and surface finish of the disk by improving the diamond tip height distribution.
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Hwang et al. (2007) used experimental methods to compare conditioner design
parameters (diamond size, shape, distribution, concentration and bond type) and improve
wafer defect rates through generation of desirable pad textures. In a similar study,
Hwang’s research group (2009) performed numerical simulations to enable a visual
comparison of the pad texture generated by two conditioner designs. These studies
present only some degree of effort towards the optimization of conditioner design in a
quantitative manner.
In terms of evaluating conditioner design quantitatively, Feng (2007) developed a
kinematic conditioning density (CD) function (based on the polishing trajectories
generated by a conditioner) as a measure of conditioning performance. Yeh and Chen
(2010) suggested a modification of the CD definition (by introducing “recover–area
ratio”) in order to consider the fact that a specific area of the pad may require several
“cuttings” to restore it. It is generally desired that a conditioner design is evaluated
independent of process parameters. However, Yeh and Chen’s module does not consider
conditioner design features except disc size. In lieu of these challenges, the CD model
developed in Chapter 4 accounts for conditioner design features such as grit density, disc
size and shape as well as diamond distribution provided the positions of the individual
diamond grits are known.

Baisie et al. (2011) and Feng (2007) compared the collection

of trajectories generated by different kinds of diamond grain distributions. Despite the
usefulness of the traditional CD approach, it is computationally intensive for the
evaluation of the pad surface texture. Hence its use is currently limited to determine pad
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cross-sectional profile in relation to pad wear. A simple method to quantitatively evaluate
pad surface texture generated by a specific conditioner design is needed.
Following this introduction, conditioner design considerations are briefly
discussed and the concept of genetic algorithms (GA) is introduced as a platform for the
optimization of conditioner design in Section 6.2. In Section 6.3, the constructs of the GA
optimization model are developed. Here, a new metric to evaluate conditioning
performance based on the conditioning density generated by a specific conditioner design
is proposed as well as a special reproduction operator based on linear crossover. In
Section 6.4, the metric is applied in the model to optimize conditioner design for the first
time. The model searches for the design parameters that produce a desired CMP pad
surface texture. Search results are analyzed in Section 6.5 and conclusions are drawn.

6.2

Disc Design

As mentioned earlier in Section 2.3.2, product performance of CMP conditioners
is characterized by diamond grit pop out, wafer removal rate, conditioner life, and
consistency of conditioners among batches (Ohi, 2004). Process performance is
characterized by regeneration of pad surface characteristics such as texture (described by
the nature of asperities) and profile. It is well known that diamond characteristics such as
size, shape, and exposure strongly influence these pad surface characteristics. The disc
assembly as well as the distribution of diamond grits on the disc (Hua et al., 2009) also
play an important role in conditioning outcome such as uniformity and thoroughness of
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conditioning. Figure 6.1 shows various types of diamond geometric arrangements and
disc shape. In the manufacture of diamond disc conditioners, the diamond grits are
distributed in a random or structured pattern using conventional techniques or more
modern surface engineering techniques mentioned in Section 2.3.1 which promise high
regularity of diamond shape and uniform regeneration of pad asperities. Due to the
increasing intensity, complexity and changing requirements of next-generation CMP
processes, requirements for the performance of CMP conditioners have diversified (Singh
et al., 2011). Thus CMP pad conditioner designs are currently selected for particular
applications based on the pad type, wafer size, and slurry (Ohi, 2004, Pysher et al., 2010).
Optimization methods are sought to determine the best diamond disc design features for
each application.

Random

Regular

Radial

SARD

Pellet:
Diamonds are
arranged in small
pellets

Patterned:
Diamonds
cover
structured
partitions of
disc surface

(a)

All surface:
Diamonds cover
entire surface of
disc

Ring (Annular):
Diamonds cover
only the
periphery
(b)

Figure 6.1.

Types of (a) diamond geometric arrangements and (b) disc shape
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6.3

Genetic Algorithms in Design Optimization

Most practical design optimizations are highly nonlinear, multimodal, and under
various complex constraints where different objectives are often conflicting (Yang,
2012). Such is the conditioner design optimization problem being addressed. Genetic
algorithms constitute a popular class of (adaptive and stochastic) metaheuristic search
algorithms especially suited to solving complex optimization problems in engineering.
GAs transpose the notions of evolution in nature to computers and imitate natural
evolution. Basically, they find solution(s) to a problem by maintaining a population of
possible solutions according to the ‘survival of the fittest’ principle (Renner, 2004). GAs
only use the objective function while searching for optimized result and not the
derivatives, therefore it is a direct search method. Design can be conceived as a search for
a suitable or optimal construction, where the term search is used in a technical sense.
A search problem consists of a desired state (goal state), a search space and a
search process. In design the goal state represents the characteristics of the final design.
The search space is the set of all designs characterized by all allowable values of the
design parameters (Renner, 2004). GAs work with a coding of the parameter set (set of
strings/individual chromosomes) and use probabilistic transition rules (Goldberg, 1989).
Renner (2004) discusses in more detail the features of GAs, how they work and provides
an overview of applications of GAs to different domains of engineering design. Solving a
problem with GA starts with designing a proper representation, fitness measure and
termination criterion. The termination criterion usually allows at most some predefined
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number of generations and checks whether an acceptable solution has been found. The
GA procedure modified for this study is presented in Figure 6.2.

Figure 6.2.

6.4

Genetic Algorithm (GA) process

Problem Representation

6.4.1 Solution Representation
In this study, three design parameters are considered: Geometric arrangement of
diamonds (Gij), Grit Density (Dij) and Size (Sij) of conditioner disc j in generation i. The
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shape of the conditioner is restricted to the “all surface” type shown in Figure 6.1(b). A
fourth parameter Rij is introduced to specify the number of rays in the case of a radial
geometric arrangement. Table 6.1 describes the constraints associated with each of these
parameters.

Table 6.1. Constraints on conditioner design parameters
Parameter
Constraints
Geometric
The value of Gij is a discrete variable which could assume one of
arrangement of
four values where 1 represents Regular, 2-Random, 3-SARD and
diamonds (Gij)
4-Radial design. (SARD -Self Avoiding Random Distribution).
1
0 < 𝐷𝑖𝑗 ≤
;
2
𝛿 ∗ 𝜇𝑔𝑟𝑖𝑡
Grit Density (Dij)

Size (Sij)
Number of rays
(Rij)

𝑁𝐷

where 𝐷𝑖𝑗 = 𝜋∗𝑆 𝑖𝑗2 . 𝑁𝐷𝑖𝑗 is the number of diamonds over the
𝑖𝑗

corresponding conditioner surface area, 𝛿 is a diamond pitch
factor to control the proximity of diamond grits to each other, and
𝜇𝑔𝑟𝑖𝑡 is the average diamond grit size.
0 < 𝑆𝑖𝑗 ≤ 0.5 × 𝑅𝑝𝑎𝑑 ;
where 𝑅𝑝𝑎𝑑 is the pad radius.
2𝜋𝑆𝑖𝑗
1 ≤ 𝑅𝑖𝑗 ≤
𝛿 ∗ 𝜇𝑔𝑟𝑖𝑡
𝑅𝑖𝑗 must be a positive integer.

The usual method of applying GA to real-parameter problems is to encode each
parameter as a bit string using either a standard binary coding or a Gray coding. The bit
strings for the parameters are concatenated together to give a single bit string (or
"chromosome") which represents the entire vector of parameters. In biological
terminology, each bit position corresponds to a gene of the chromosome, and each bit
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value corresponds to an allele. Wright (1991) showed that in terms of reproduction,
binary crossover is exactly the same as real crossover and a mutation can also be
considered as a perturbation of some of the real valued parameters. Thus, in this study, it
is deemed sufficient that, a chromosome corresponds to a vector of real parameters (Gij,
Dij, Sij, Rij), a gene corresponds to a real number, and an allele corresponds to a real value.
6.4.2 Design Evaluation
A typical pad conditioning cycle is illustrated in Figure 3.1. The kinematic model
developed in Chapter 4 is used to simulate the diamond grit trajectories. It is assumed that
all of the diamond grits embedded on the metal disc protrude with a pyramid shape and
have the same size and protrusion height as shown in the Figure 2.2(b). It is also assumed
that during the conditioning process, each diamond grit is in continuous contact with a
flat and homogenous pad surface and will generate an individual trajectory. The
collection of these trajectories depicts the pad’s surface texture resulted from the
conditioning process.
From Section 4.2, the radial distance d traveled by the conditioner from the pad
center by time t is given by:
𝑑 = 𝐷(𝑡) = 𝐿 + � 𝑣𝑑𝑡.

(6.1)

L is set to be equal to the conditioner radius Sij and overhanging is not allowed. For
multiple diamonds on the conditioner, the collection of trajectories on the polishing pad is
described as:
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(6.2)

Equation (6.2) is utilized to plot the conditioner trajectories. The parameters are the input
variables Np , Nc , Rp , T, tcycle and the set [rk ,θk]. Np and, Nc , the rotation speeds in rpm
for the pad and conditioner are converted to ωp and ωc respectively in rad/sec. Rp is the
pad radius, T is total conditioning time and, tcycle is the time for a single cycle. All length
units are in inches and time in seconds. A function is developed to generate the set [rk ,θk]
that satisfies the conditioner design specified by the chromosome [Gij, Dij, Sij, Rij]. To
evaluate the pad surface texture generated, a simple conditioning density (CD’) metric is
proposed that compares the area covered by trajectories (Acij) to the total area of the pad
(Ap) hence:
𝐶𝐷′ 𝑖𝑗 =

𝐴𝑐𝑖𝑗
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑐𝑘 𝑝𝑖𝑥𝑒𝑙𝑠
=
.
𝐴𝑝
𝑃𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑎𝑑 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑎𝑟𝑒𝑎

(6.3)

To implement CD’, the plot of trajectories on the pad surface area is converted to
a binary image (as shown in Figure 6.3(b) inset), where each pixel assumes one of two
discrete values: 1 for white or 0 for black. All positions that contain a pixel of value 0
indicate conditioned area and 1 otherwise. The value of CD’ ranges between 0 and 1. A
CD’ value closer to 1 indicates that the conditioner design achieves more coverage of the
pad surface area and hence a more homogeneously regenerated pad texture. Therefore in
an application where uniform conditioning of the entire pad surface area is desired, the
goal of the search is to seek a design that maximizes CD’.
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(b) Binarized diamond grit trajectory. Colors are used
here to differentiate trajectory generated by different
diamond grit

Binarized trajectories generated by a specified conditioner design

6.4.3 Selection
The fitness of each individual design solution in the current population is
evaluated using the CD’ function. An elitist strategy is adapted to select the proportion of
the existing population to breed a new generation. After ranking current population
according to CD’, the best 50% of the solutions are selected to serve as parents in the
subsequent reproduction stage for the next generation of solutions. The same population
size is maintained throughout subsequent generations.
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6.4.4 Reproduction
An efficient optimization algorithm must use two techniques to find a global
maximum: exploration to investigate new and unknown areas of the search space, and
exploitation to make use of knowledge found at points previously visited to help find
better points (Beasley et al., 1993). Accordingly, new designs (offspring) are generated
by applying three genetic operators (traditional crossover, linear crossover and mutation)
to parent designs. Crossover essentially performs an exploitive role whiles mutation
performs an explorative role.
A one-point traditional crossover operator combines the representation of two
parent individuals to produce two children by swapping between the two parent design
parameters as shown in Figure 6.4(a). The problem with traditional crossover is that it
tends to be less and less effective as the similarities between organisms increases (due to
recurrence of alleles) as the population converges. At this stage, mutation becomes more
and more necessary as variation in the population is reduced (Beasley et al., 1993). To
overcome this problem, a different form of operator to be termed ‘random linear
crossover’ is proposed. Instead of swapping alleles, corresponding alleles of two parent
genes 𝑃𝑖𝑗𝐴 and 𝑃𝑖𝑗𝐵 are recombined using a linear operator to produce two offspring 𝑂𝑖𝑗𝐴𝐵
𝐵𝐴
and 𝑂𝑖𝑗
(as shown in Figure 6.4(b)) using the equations:

and

𝑂𝑖𝑗𝐴𝐵 = 𝑃𝑖𝑗𝐴 ∗ 𝑅𝑎𝑛𝑑(0,1) + 𝑃𝑖𝑗𝐵 ∗ �1 − 𝑅𝑎𝑛𝑑(0,1)�;
𝐵𝐴
𝑂𝑖𝑗
= 𝑃𝑖𝑗𝐴 ∗ �1 − 𝑅𝑎𝑛𝑑(0,1)� + 𝑃𝑖𝑗𝐵 ∗ 𝑅𝑎𝑛𝑑(0,1).
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(6.4)

(6.5)

The mutation operator introduces local changes to the genetic code of an individual
parent design by randomly reassigning new allele(s) to the design parameters within their
specified constraints. Each selected parent was randomly assigned to one of the three
reproduction operators. By proportion, 45% of the selected parent designs reproduce by
traditional crossover, 45% by linear crossover and the remaining 10% by mutation.
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Gij(A)
Dij(A)
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Dij(A)
Offspring AB
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Dij(B)
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Figure 6.4.

(a) Traditional crossover and (b) random linear crossover operations
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6.5

Results and Discussion

6.5.1 Simulation Parameters
Conditioning parameters were chosen such that conditioning performance was
minimally influenced by process parameters not related to conditioner design. Np = 3
rpm, Nc = 2 rpm, Rp = 12 in, and v = 0.1818 in/s. The average diamond grit size �𝜇𝑔𝑟𝑖𝑡 �
was set to 150 microns and a pitch factor (δ) of 10 was chosen. To minimize
computational cost, only one conditioning cycle was simulated. The pad and conditioner
speed were chosen to minimize periodicity in the generation of trajectories.
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Effect of population size on run performance
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50

% Change in performance

Average run performance

0.6

Reed et al. (Reed et al., 2000) proposed a well-known 3-step methodology for the
tuning of population size, selection pressure, and the influence of crossover and mutation
in the design of simple genetic algorithms for practical computationally intensive
problems. However, Reed’s guidelines are intended for binary coded GA and are not
generally extendable to real value GAs. In this study, the population size is decided by
performing some trial GA runs for a small number of generations with each run having
different population size. In Figure 6.5, the average run performance and the percentage
change in performance is plotted against the population size. The graph shows that a
population size of 18 was sufficient to provide promising results. Thus, an initial
population size of 18 was chosen to evolve over a period of 30 generations with 9
individuals surviving 9 offspring being born in each generation. The individuals in the
initial population were chosen such that there were an equal proportion of solutions with
the same Gij value and the remaining design parameter values (Dij, Sij and Rij) were
chosen at random.
6.5.2 Search Results
6.5.2.1 Performance of Design Optimization
Figure 6.6(a) is a plot of the best and average fitness values in each generation.
The reproduction operators were able to maintain a diverse and yet an increasingly ‘fit’
population within feasible region throughout the evolution period. The selection criteria
also proved to maintain an even, controllable selection pressure to push for the selection
of better individuals appropriate for the conditioner design optimization problem. It can
be seen that the average population fitness improves quickly and reaches a plateau close
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to the value 0.75. This means that the designs of the latter generations may well suggest
parameter values that are more desirable. The best solution in each population does not
seem to improve significantly over the generations. This may be due to limitations
imposed by the chosen process parameters values and the limited number of conditioner
design features considered in the model. Figure 6.7 shows areas in the search space where
the solutions emerged. Judging from the location of the best solution in the last
generation, the search converged to the region with the highest concentration of solutions
and thus more desirable design parameter values.
6.5.2.2 Evolution of Size
Figure 6.6(b) shows a plot of the average relative disc radius �𝑆𝑖𝑗 /𝑅𝑝𝑎𝑑 � over the

simulation run. It can be seen that designs with smaller conditioner size tend to quickly
hover around a relative radius of 30% of the pad radius. This is attributed to two reasons.
First, larger conditioners are not able to adequately condition the central portion of the
pad. Secondly, there tends to be larger gaps between the trajectories generated by the
wider spaced diamonds on larger conditioners. The tendency of the specific relative
radius is dependent on the conditioning process parameters such as the relative speed of
the conditioner. Other studies (Baisie et al., 2010) have shown that in this configuration
of pad conditioning, total thickness variation, concavity and waviness of the pad profile
tend to deteriorate significantly as the conditioner size increases.
6.5.2.3 Evolution of Grit Density
Figure 6.6(c) shows the plot of the average density over the simulation run. It is
expected that conditioners with higher grit density will achieve better coverage of the pad
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surface area and hence better conditioning performance. However, it can be seen that the
conditioning density increases steadily and converges around 40 grits/in2. This limit is
imposed by the practical constraints associated with the diamond pitch factor and grit
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Evolution of (a) fitness, (b) disc size, (c) grit density, and (d) geometric
arrangement
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6.5.2.4 Evolution of Geometric Arrangement
Figure 6.6(d) shows the proportion of Regular, Random, SARD and Radial
diamond geometrical arrangements within each generation. It can be seen that designs
with SARD diamond arrangement quickly begin to dominate the population of solutions.
This means the geometric arrangement of the diamonds showed a more dominant impact
on the search outcome.
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Best design in last generation showing (a) (3, 42.14, 3.69, 0) design
displayed on polar grid and (b) its corresponding CD’= 0.75
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Figure 6.8 shows the SARD design of the most ‘fit’ individual in the last
generation of individuals. Regular and Radial distributed diamonds tend to generate
periodic patterns where often times a single diamond’s trajectory may partially overlap
another. This reduces the chances of achieving more coverage of the pad surface area and
hence a more homogeneous spread pad texture. Although a Random diamond
arrangement may seem to overcome this challenge, it is difficult to achieve
manufacturing consistency and hence poor process repeatability and reproducibility. The
SARD was developed by Hwang et al.(2007) in an attempt to eliminate periodicity in
trajectories and also to avoid diamond free zones in the coverage of the conditioner
surface as seen in truly random diamond arrangements. In the SARD, each diamond grit
is randomly positioned in a grid as shown in the Figure 6.8(a) inset. In Figure 6.8(b), it
can be seen that the conditioner’s diamond trajectories cover 75% of the region within the
pad’s circumferential boundary in red. The inset also shows a close up view of the
surface texture of a 1”x1” cake of the pad.

6.6

Conclusions

Currently, CMP conditioner suppliers and end users are more interested in
collaborative evaluation of new consumables geared towards reducing CMP Cost of
Ownership by minimizing development/optimization efforts. There has been only little
degree of effort towards the optimization of conditioner design in a quantitative manner.
In this study, a new metric to evaluate conditioning performance based on the
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conditioning density generated by a specific conditioner design was developed. The
metric was further applied in a genetic algorithm to optimize the conditioner design
parameters (including geometric arrangement of diamonds, grit density and disc size) for
the first time. It can be concluded that the GA framework is well suited for the design
optimization of diamond disc pad conditioners. It was observed that better designs tend to
exhibit features with higher grit concentration, smaller disc size and a structured
randomization of the diamond grit arrangement. Geometric arrangement of the diamonds
showed a more dominant impact on the search outcome. The model is useful for the
prediction of conditioning performance and tuning of conditioner design to specific
applications.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1

Research Overview

This research sought to address the concern about the lack of models that are
reliable enough to be used for verification and optimization of the diamond disc pad
conditioning process in three main steps. First, three models to simulate, predict, and
evaluate the pad’s mechanical response and surface characteristics resulting from
conditioning were developed. Secondly, the effects of pad conditioning parameters on
conditioning uniformity were evaluated. Finally, a new framework for the optimization of
the conditioner design was developed. The modeling results mainly suggested that it is
possible to advance pad conditioning towards high uniformity and predictability if as
many of the process parameters can be controlled and incorporated in the analytical
models. A recap of the major research contributions and findings is provided below.
7.1.1 Findings from Literature Review
Pad conditioning had developed to an advanced stage where all dimensions are
highly controlled. As conditioning is primarily considered as a two-body abrasive wear
mechanism, the Preston equation has been widely adopted to model the conditioner-pad
interaction. It was revealed that the main process control avenues were conditioning time
and conditioning kinematics such as pressure, relative velocity and sweeping profile.
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Modeling approaches commonly used were categorized into two groups, namely
kinematic and statistical approach.
7.1.2 Modeling and Prediction of Pad Surface Profile
In this research, two new kinematic models were developed to predict the pad
surface profile due to wear from diamond disc conditioning. The first model was
developed using a surface element approach where the motion of a tiny sector on the
conditioner is decomposed into its rotational and linear components to simulate the wear
area that a diamond abrasive sweeps on the pad surface. The actual pad profile was
determined by considering overlapped pad areas and the size of the pad section being
conditioned. In the second model, a plot of the collection of trajectories generated by
individual diamonds on the conditioner was generated. The conditioning density,
determined by the ratio of total trajectory length per unit area in the radial direction, is
used to infer the pad profile.
Three metrics, namely TTV, Bow, and NU, were developed to evaluate the pad
surface profile characteristics. Experimental data was used to confirm that both models
were able to simulate the kinematics of diamond disc pad conditioning and accurately
predict the pad surface profile. Simulation results revealed that: (1) there are always some
transition regions present in the pad profile near the pad center, and the pad periphery; (2)
the sweeping profile has a “mirroring” effect on the resulting pad surface profile; and (3)
a lower pad rotating speed and a smaller conditioner size allow a flatter pad profile.
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7.1.3 2-D Morphology and Finite Element Analysis of Pad
The pad’s mechanical response affects the conditioning process and is highly
dependent on its foam morphology. A 2-D image processing procedure combined with a
2-D axisymmetric quasi-static FEA model were developed for the first time to investigate
effects of process parameters (pad stack, pad stiffness, and conditioning pressure) on the
pad deformation with enhanced fidelity. Results showed that: (1) softer sub-pads deform
to permit a more planar profile of the top-pad; (2) the conditioner slightly indents the pad
with its top surface inclined away from the edge of the conditioner; and (3) deformation
increases as the pad’s elastic modulus decreases, and conditioning pressure increases.
7.1.4 Conditioner Design Optimization
To suggest ways to further improve the conditioning process, a new metric to
evaluate pad surface texture was developed and applied in a GA model to optimize the
conditioner design parameters (including geometric arrangement of diamonds, grit
density and disc size) for the first time. In the GA model, a new way to quantitatively
characterize conditioner design was developed as well as a special GA reproduction
operator. It was concluded that: (1) the GA framework is well suited for the design
optimization of diamond disc pad conditioners; and (2) better conditioner designs tend to
exhibit features with higher grit concentration, smaller disc size and a structured
randomization of the diamond grit arrangement.
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7.2

Future Work

7.2.1 Control of Pad Profile
Considering the current understanding of pad profile development and the
availability of metrics to measure conditioning performance, future work can consider
applying an optimization model to the developed kinematic models to determine the
optimal set of parameters to further eliminate pad wear transition regions and achieve
desired pad profiles. The kinematic models could be further developed to consider nonlinear sweeping paths and conditioner overhanging. The two kinematic process models
can be compared to evaluate model capabilities, differences and similarities and permit a
more informed decision on the choice of application.
7.2.2 Finite Element Analysis
Following the findings of the Finite Element Analysis, a 3-D as well as a dynamic
analysis of the conditioner-pad interaction is needed. Here, the shear forces involved in
the process can be considered in detail. The model can further be utilized to evaluate the
effect of conditioner design features such as convex or contoured cross sections on the
pads mechanical response. A study is also needed to investigate the effect of different pad
stacks and microstructures on the pad’s mechanical response. The results should be
related to the evolution of the pad profile due to conditioning.
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7.2.3 Understanding and Characterizing the Preston Coefficient K in Pad
Conditioning
In-house experiments need to be carried out to verify the kinematic models, to
determine the Preston coefficient K and also to verify the Finite Element model. Some
researchers suspect that the value of K in the pad conditioning process involves advanced
physics and may be dependent on the pad roughness, asperities, elasticity, surface
chemistry and abrasion effects as well as conditioner characteristics among others. Based
on the results of Chapters 5 and 6, and consideration of the analytical models summarized
in Appendix I, an initial deduction of the relationships which a set of chosen parameters
have with K is provided in Table 7.1. Experimental studies are needed to develop an
empirical model to further understand and characterize the underlying parameters that
affect K and their influence on modeling of pad conditioning.

Table 7.1. Relationship of chosen parameters with K
Relationship with K
Parameter
1. Density of abrasive grit distribution
2. Disc diameter
3. Total number of working diamonds
4. Average groove width or cross-sectional area of diamond
Positive
5. Power consumed to remove unit volume of pad
correlation
6. Poisson ratio of pad
7. Temperature of pad
8. Soaking time of pad
9. Porosity of pad
10. Hardness of pad
11. Knife-edge or sharpness of diamond grit
Negative
12. Slurry viscosity
correlation
13. Young's modulus of pad
14. Pad surface variation due to morphology
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7.2.4 Conditioner Design Optimization
Although the Genetic Algorithm platform was successful in the conditioner
design optimization effort, other metaheuristics could be tested. The optimization model
could further be developed to consider more design features such as disc shape. More so,
future work could concern the development of a model capable not only of optimizing
available designs, but also creating new conceptual designs from scratch. With regard to
the geometric arrangement of diamonds, functional biological patterns such as
phyllotactic and Fibonacci patterns could be explored.
7.2.5 Process Model Integration
Finally, a more comprehensive process model that integrates multiple analytical
models and captures all the key operational factors needs to be developed. The models
should be linked to both up-stream as well as down-stream CMP processes to allow series
process improvement.
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APPENDIX I
SELECTED PAD CONITIONING ANALYTICAL MODELS
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Representative figure for
Horng’s model, 2003
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Table I

Summary of selected pad conditioning analytical models

Liao et al’s Model (2004)
Assumptions:
 Conditioning is likened to
metal cutting to derive
power consumed to remove
unit volume of pad.
 P =∆P since P, the rate of
total energy consumed in
conditioning process is
almost linearly
proportional to ∆P, CMP
machine power
consumption.
 Grit size effect and
hardness of pad are taken
into account.

Proposed Analytical Model:
𝐷𝑎 𝐹 𝑏
∆𝑃 = 𝐾 𝑐 𝑑
𝑁 𝑤
(2)
D
-dressing rate
F
- downforce
N
-total number of working
diamonds
w
-average groove width
scribed by the diamonds
K,a,b,c and d are all constants

Tso and Ho’s Model (2004)
Assumptions:
Proposed Analytical model:
 Inference is made to the
𝐷𝑟𝑒𝑠𝑠𝑖𝑛𝑔 𝑅𝑎𝑡𝑒
1.5
lapping model of ductile
𝑉𝐷
𝑃
= 𝐾𝐷
𝜆𝑑 � �
material.
𝑅. 𝐴 0 𝐻𝑝
(3)
KD - dressing rate constant
A -dressing area
λ - density of abrasive distribute
VD -conditioning velocity
R -knife-edge of diamond grit
d0 - size of abrasive diameter
λ d0 -separation between diamonds
HP -hardness of polishing pad
P
-conditioning pressure

Lee et al’s Model (2009)
Assumptions:
 A Preston-type relationship
is applied to analyze the
pad wear.
 Conditioner induces
uniform pressure on pad
and there is constant
contact between them.
 Pad properties are
isotropic.
 Point diamond grits are
distributed uniformly on
conditioner.
 Dwell time at turning
points of swing arm are
negligible.

1.

2.

3.

Main Conclusions:
1. Since conditioning pressure
and velocity directly influence
the dressing rate of pad
significantly, selection must be
for lower conditioning
pressure and velocity in a
prerequisite of ideal
conditioning effects to avoid
the excessive pad removal.
2. Longer soaking time increases
dressing rate.
3. pH value of slurry influences
the intensity of the diamond
grit on the diamond
conditioner.

Proposed Analytical Model:
𝑞𝑗
𝑡𝑗,𝑜𝑢𝑡
1
= 𝑘𝑐 ∙ 𝑝𝑐 ∙ � � �
𝑣𝑖 (𝑡)𝑑𝑡�
𝑎𝑗
𝑡𝑗,𝑖𝑛

(4)
qj- wear amount at minute circular
pad area
kc - constant related to conditioning
pc - conditioning pressure
aj - jth minute circular pad area
vi(t) – velocity of point P relative
to pad
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Main Conclusions:
Dressing rate D is related to
power consumption of the
CMP machine.
Except down force, dressing
rate model developed consists
only of design parameters of a
conditioner.
More practical since Preston
equation used by others
includes down force and pad
speed which are usually fixed
by CMP machine makers and
difficult to adjust.

1.

Main Conclusions:
There is close correlation
among conditioner velocity
profiles, sliding distance
distribution and pad surface
profile.

Chen et al’s Model (2000)
Assumptions:
 For a given position,
relative velocity (Vrel) is a
function of pad speed (Vp),
conditioner speed (Vd) and
the center to center
distance (Dcc).
 For a given radial position
pad is conditioned by a
disc for a range of Dcc i.e. ,
rp - Rd ≤Dcc≤ rp+ Rd
 The generalized Preston
equation is employed to
describe pad wear rate.
 Local pressure P(rp) at
radial position is inversely
proportional to local wear
thickness ∆ℎ(rp).
 �
P is constant and ∆h� is
known.

Proposed Analytical Model:
∆ℎ
𝛽
𝑊𝑅 =
= 𝐾𝑝 𝑃𝛼 𝑉𝑎𝑣𝑔,𝑠
∆𝑡
(5)
𝛼
�
∆ℎ
𝑃
𝛽
= 𝐾𝑝 �
� 𝑉𝑎𝑣𝑔,𝑠
∆𝑡
∆ℎ/∆ℎ�
(6)
WR -Wear Rate
Vavg,s - sweeping averaged velocity
∆h - wear thickness of pad
∆h� - averaged wear thickness of
pad across radial position
∆t
- actual conditioning time
P
- pressure
𝑃�
- averaged pressure
- constant
Kp

1.

2.

Main Conclusions:
The velocity term (Vavg,s) plays
a relatively insignificant role.
What is important is the actual
conditioning time ∆t therefore
optimizing its distribution is
essential to achieving
uniformity
For pad profile optimization:
• Set the angular velocity of
disc and platen close
while maintaining a small
difference (eg make the
disc-radius-to-pad-radius
as small as possible.
• Let the disc diameter be
an integer multiple of the
sweeping range.
• Widen the sweeping
range.
• Increase the number of
zones.

Baisie et al’s Model (2010)
Assumptions:
 For each cycle,
conditioner
sweeps once over
the radius of the
pad in a
predetermined
manner.
 Average
conditioning
pressure is
constant.
 Wear thickness is
directly
proportional to
swept area (sum
of surface
elements) and
inversely
proportional to
pad surface area.

Proposed Analytical Model:
𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) = �

2𝜋

0

∆ℎ𝑖 = 𝑘 ∙ 𝑁 ∙

�

𝑅𝑐

0

Main Conclusions:

𝑡𝑖

� �𝜑̇ 2 𝑟 2 + 𝑟̇ 2 𝑑𝑡𝑑𝑟𝑐 𝑑𝜑
0

𝐴𝑠𝑤𝑒𝑝𝑡(𝑖)

𝜋 ∙ (𝐿𝑖+1 + 2𝑅𝑐 )2 − 𝜋 ∙ 𝐿𝑖 2

1.

(7)

(8)

𝐴𝑠𝑤𝑒𝑝𝑡(𝑖) - area swept along conditioner
trajectory during segment sweeping
time ti.
Rc
- conditioner radius
(𝑟, 𝜑) - polar form representation of trajectory
function
∆ℎ𝑖 - pad sectional wear
k
- constant
N
- number of sweeping cycles
L
- initial position of conditioner center

2.

3.

4.

5.
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When the total
conditioning time
remains constant, the
segment sweeping time
does not affect the pad
surface shape.
The sweeping profile has
a “mirroring” effect on
the pad surface shape.
Thus the flat sweeping
profile gives the best pad
shape.
Higher pad rotating speed
generates more pad wear
and makes the pad
surface shape more
concave.
The conditioner rotating
speed exhibits a much
weaker effect on the pad
surface shape than the
pad rotating speed.
The smaller the
conditioner diameter, the
flatter the pad surface
shape.

Horng’s Model (2003)
Assumptions:
Proposed Analytical Model:
 Contact surface
v
- poisson ratio
between
E
- Young’s modulus
conditioner and
P(ξ) - pressure applied on plate
polishing pad is
rd - radius of circular load
regarded as a
Nd - number of conditioners
smooth plane.
H - pad thickness
 Conditioning
model is
Deformation of a point along line y = 0 due to the
simplified as
load on a line parallel to the x-axis with a length
plate subjected to of 2�𝑟 2 − 𝜉 2 and a width of d𝜉 is represented by
𝑑
multi-uniformly
𝜔(𝑟, 0, 𝑧)
circular load.
 Several
Deformation of pad subjected to single
conditioners are
conditioner along the radial direction is
working
calculated relative to the reference point (r=0,
simultaneously.
z=H) in the half space.
Thus, the relative displacement between (r, 0, 0)
and (0, 0, H), due to the uniform load from ξ = rd to ξ = rd is given as
𝑟𝑑

𝑢𝑖 (𝑟) = � �𝜔(𝑟, 0,0) − 𝜔(0,0, 𝐻)�𝑑𝜉 ,
−𝑟𝑑

= 1,2, … , 𝑁𝑑

𝛿𝑡𝑜𝑡𝑎𝑙 = � 𝑢𝑖 (𝑟)
𝑖=1

(9)

(10)
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2.

3.

4.

𝑖

Total deformation can be given as
𝑁𝑑

1.

Main Conclusions:
When the depth of pad, H
increases, the
deformation increase due
to the decrease in pad
stiffness.
For the line parallel to the
y-axis, the deformation in
negative direction of xcoordinate is always
larger than those of
positive direction because
the circular load causes
maximum deformation
value in center, and this
condition is also true for
the line parallel to x-axis.
For the line parallel to the
x-axis, when the distance
measured from original
point increases, the
deformation decreases.
For the y-coordinates, the
deformation in negative
direction is always larger
than those of positive
direction because the
effect of multi-circular
load is stronger in
negative y-coordinate.

Chang et al’s Model (2007)
Assumptions:
Proposed Analytical Model:
 A Preston-type
ωc - angular velocity of conditioner wheel
relationship is
ωp - angular velocity of pad,
applied to
D - distance between pad rotation center and
analyze the pad
conditioner
wheel rotation center
wear rate under
r - radial distance between given point on the
constant pressure. conditioner
 The oscillation
wheel and conditioner center
velocity of the
Voscill - oscillation velocity of the conditioner
moving on pad.
conditioner is
neglected to
𝜈𝑝/𝑐 - relative velocity of point on pad with
analyze the
respect to conditioner
relative velocity
distribution.
S = S ( L ) = Sliding distance on the pad is given
 Properties of all
as;
consumables such
𝑡′
as slurry and pad, 𝑆 = � 𝜈𝑝/𝑐 𝑑𝑡
0
etc. are
𝐷2 + 𝐿2 − 𝑟𝑐2
homogenous.
�
= 2𝐷𝑐𝑜𝑠 −1 �
2𝐷𝐿
 The pad wear
′
′
2
amount at a given
(𝜌 𝜍 ) 𝑅 − 1
�
� + 𝜌′ 𝜍 ′ �
× �𝑅 +
point on the pad
4𝑅
𝑅
is the average
(11)
value of the
Havg (L1), can be considered as the pad wear
integration of the
amount at radial distance, L1. (calculated by using
pad wear amount
Simpson's Approximation Method with the
with respect to
MATLAB Program) is given as
the time.
𝑡′
𝑡′
1
1
� 𝐻 𝑑𝑡 =
� 𝑘𝑝𝑠 𝑑𝑡
𝐻𝑎𝑣𝑔 (𝐿) =
2𝜋𝐿 0
2𝜋𝐿 0
𝑘𝑝 𝑡′
� 𝑆(𝐷, 𝑅) 𝑑𝑡
=
2𝜋𝐿 0
(12)
R(t) - rotation-velocity ratio (ωc / ωp) function
D(t) - distance between the rotation centers
function
t’
- half of the oscillation period
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1.

2.

3.

Main Conclusions:
The spatial distribution of
the sliding distance on the
pad is not uniform, but
has a concave shape
according to the rotationvelocity ratio, R.
Longer conditioning
induces higher concavity
of the polishing pad.
The profile of the pad
wear amount can be
controlled by combining
the critical parameters,
D(t) and R(t).

Tyan’s Model (2007)
Assumptions:
 The diamond grains
are uniformly
distributed.
 A slow sweeping
motion is applied
during dressing

Proposed Analytical Model:
The ensemble of the whole trajectories on the pad;
𝑁𝑑
𝜌𝑝𝑗 𝑐𝑜𝑠�𝜓𝑝𝑗 �
� �
�=
𝜌𝑝𝑗 𝑠𝑖𝑛�𝜓𝑝𝑗 �
𝑗=1
𝑁𝑑
𝜌𝑑𝑗 𝑐𝑜𝑠�𝜓𝑑𝑗 �
𝑅 − (−𝜏)𝑅(𝜔𝑑𝑛 𝜏) × �� �
��
𝜌𝑑𝑗 𝑠𝑖𝑛�𝜓𝑑𝑗 �
𝑗=1
𝜌 (𝜏)
+ 𝑅(−𝜏) � 𝑐 �
0

(13)
Where (𝜌𝑝𝑗 , 𝜓𝑝𝑗 ) - jth polishing trajectory generated by
the jth single diamond grain located at (𝜌𝑑𝑗 , 𝜓𝑑𝑗 ) on a
conditioner having Nd number of grains
Wear experienced at a point is proportional to the
conditioning density (CD) = (time) average of total
segment length per unit area in the radial direction.
𝑑𝑙
∑𝑗∈𝐼�𝜌𝑝 � 𝑗 𝑑𝜏
1 𝑇
𝑑𝜏
𝐶𝐷�𝜌𝑝 � = � lim
𝑇 0 𝑑𝜌𝑝 →0 2𝜋𝜌𝑝 𝑑𝜌𝑝

(14)
𝜌𝑝 - assigned radius on polishing pad
T - elapsed time in domain=(2π/ωsn)
dlj - length of trajectory segment caused by the
grain’j’ located at (𝜌𝑑𝑗 , 𝜓𝑑𝑗 ) on conditioner
I(𝜌𝑝 )≜ [𝑗 │𝜌𝑝 ≤ 𝜌𝑝𝑗 ≤ 𝜌𝑝 + 𝑑𝜌𝑝 , 𝑗 =
1, … , 𝑁𝑑 ],which is the set of indexes for which
the corresponding trajectories fall within the
annular area 2π𝜌𝑝 d𝜌𝑝 on the pad (note that I(𝜌𝑝 )
is time varying in general)
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Main
Conclusions:
1. To have flat
distribution of
pad wear rate,
the ratio of diskradius to padradius has to be
made as small as
possible.
2. The effect of the
pattern of grain
distribution on
conditioning
density function
is insignificant.
3. A slow simple
harmonic
sweeping
process cannot
achieve a
uniform profile
in the CD.

Wiegand and Stoyan’s Model (2006)
Assumptions:
 The pad surface is
modeled as a , piece of a)
homogeneous
(stationary) and ergodic
random field [Zn(x)],
 x is given in polar
coordinates x =(r, θ)
with 0≤r ≤rpad and 0≤θ
≤2π.
 Zn(x) is the surface depth
of the pad at the point x
at time n and is nonnegative.
 The discretized time n
depends on rotation
speed ω of pad.
 The starting value of the
pad surface depth is
Z0(x) ≡ 0.
 Since stationarity is
assumed, the onedimensional distribution
function of the random
field:
 Fn(z)= P(Zn(x)≤z)
 Conditioner stays at a
fixed depth and the
effect of a conditioner
disk is approximated by
the effect of a onedimensional bar
conditioner. The N
cutting elements of the
disk are assumed to be
arranged on a line with
mean spacing l,
l ≤ rpad

Proposed Analytical Model:
Main Conclusions:
In the case of a solid pad the probability density function of
1. Large h produce
surface depth after n cuts is;
much pad removal;
𝑛
𝑛
shortens pad
exp � z − h�
𝑖𝑓 𝑧 ≥ ℎ
𝑓𝑛 (𝑧) = �ℎ
ℎ
lifetime therefore a
0
𝑖𝑓 𝑧 < 0
small cutting depth
(15)
h is intended in
Density function for random variable of additional depth at r
industry.
caused by a cut pore is;
2. Conditioning has
𝑖𝑓 𝑧 ≥ ℎ
𝑝𝛿(𝑧) + (1 − 𝑝)ℎ𝑙 (𝑧)
to be applied for
𝑔(𝑧) = �
longer times, n to
0
𝑖𝑓 𝑧 < 0
remove
(16)
irregularities on
pad surface
Linear contact distribution function Hl in case of a Boolean
3. For pad parameter
model is;
λ2, If pad is too
ℎ𝑙 (𝑧) = 𝜆2 exp(−𝜆2 𝑧)
smooth,
pores are
(17)
small with low
variation, λ2 is
For conditioning of a foamed pad, the probability density
large, right
function of Zn∗ is obtained by convolution (∗) as;
function tail is
short and steep),
𝑓(𝑧) = 𝑓𝑛 (z) ∗ g(𝑧) =
removal will be
𝑛
⎧ℎ (1 − 𝑝)𝜆2
too small.
�exp�𝜆2 (h − z)� − exp(−𝑛 − 𝜆2 𝑧)�
⎪ 𝑛+𝜆
4. If pad is too rough
2
⎪ ℎ
⎪
(a high degree of
if𝑧 > ℎ
⎪
𝑛
variability, a long
(1
−
𝑝)𝜆
𝑛
2
𝑛
𝑛
ℎ
�exp � 𝑧 − 𝑛� − exp(−𝑛 − 𝜆 right tail), there is
⎨ 𝑝 ℎ exp �ℎ (𝑧 − ℎ)� + 𝑛
ℎ2
+ 𝜆2
large removal
⎪
ℎ
⎪
variation and
if 0 ≤ z ≤ h
⎪
⎪ 0
consequently a
⎩
rough wafer
if 𝑧 < 0
(18)
surface.

141

Borucki’s Model (2004)
Assumptions:
 The cutting surface of tool
has an array of identical
diamond tips, which are
assumed to be triangular
with opening angle α,
 The theory uses the average
furrow shape cut or plowed
by conditioner diamonds on
a solid pad.
 The conditioner rotates
slowly enough that each
diamond cuts a non selfintersecting furrow on each
pad rotation.
 The average density of
furrows (#/unit length) at
each pad radius is
independent of the
conditioner rotation rate.
 A circular conditioner can
be replaced by an equivalent
bar conditioner that creates
the same density of new
furrows by the end of each
half sweep.
 The ability of any diamond
to cut the pad material is not
dependent on the shape of
the pad-surface it
encounters.

Proposed Analytical Model:
For a moving conditioner on a solid pad:
Surface height probability density function , (PDF) probablity of finding a point between z and z+dz is given
as;
𝜙 (𝑧 , 𝑡) =
Ω
(𝑧 − ℎ𝑜 + 𝑐𝑡)
𝜋𝑐𝑣𝑙
×
Ω
(ℎ𝑜 − 𝑐𝑡)2 �
1 − 𝑒𝑥𝑝 �−
2𝜋𝑐𝑣𝑙
Ω
𝑒𝑥𝑝 �−
(𝑧 − ℎ𝑜 + 𝑐𝑡)2 �
2𝜋𝑐𝑣𝑙
Average surface height is given as;
1
√πerf(√Λ)
𝑠̅ (𝑡 ) =
�1 −
� (ℎ𝑜 − 𝑐𝑡)
−Λ
1−𝑒
2√Λ

RMS(root mean square) roughness as measured by the
standard deviation σ(tn) is given as;
𝜎 2 (𝑡 )~

(4 − 𝜋)𝜋𝑐𝑣𝑙)
2Ω

𝑡→∞

For foamed pad during simultaneous conditioning and
wear:
Complementary Cumulative Density Function (CCDF)
i.e. density of the remaining pad material at a given
height z at time t is given as;
0

𝑞𝑓 (𝑧, 𝑡) = � 𝑞(𝜁, 𝑡 )Φ(𝑧 − 𝜁)𝑑𝜁

(foamed)

𝑧

(solid)

(intrinsic)
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Main Conclusions:
1. Model relates the
foamed pad CCDF to
that of an identically
conditioned virtual
solid pad via a
convolution
involving the foamed
pad intrinsic PDF.
2. Results agree with
the corresponding
Monte Carlo
simulations.
3. Conditioning and
wear of a foamed pad
is modeled by
combining the virtual
solid pad evolution
equation with the
fundamental
convolution that
relates the solid and
foamed pad CCDFs.

Borucki’s Model (2006)
Assumptions:
The theory consists of three
main parts: a theory of
conditioning, a theory of the
coefficient of friction (COF),
and a removal rate theory.

Proposed Analytical Model:
Measure of surface abruptness is given as;
2𝜋∆𝑠 𝑐(𝐿)
𝜆(𝐿) =
Ω𝑤𝑚𝑎𝑥 𝑎(𝐿)

ω - pad rotating speed in Radians/sec,
L - Conditioner load
c - cut rate
∆s - center-to-center length of sweep
a - total number of actively cutting diamonds.

Viscous contribution to the COF from contacting
asperities is approximately
𝜇𝑣𝑖𝑠𝑐 ≈ 0.9(𝜇0 𝑉(1 − 𝑣 2 )/𝐸)0.36 𝑘𝑧0.19 𝜆−0.17

Main Conclusions:
1. A causal connection
involving pad surface
abruptness can be
traced theoretically
(23)
between a
conditioner design
feature (grit size) and
operating mode
(load) and the
resulting removal
rates and friction
coefficients.
(24)

Ks - mean asperity summit curvature
V - sliding speed,
µo - fluid viscosity,
E - pad Young's modulus,
V - Poisson ratio,
𝜇1𝑣𝑖𝑠𝑐 - value of 𝜇𝑣𝑖𝑠𝑐 when Ks, and 𝜆 are both 1.
Material removal rate includes chemical rate kl and
mechanical rate k2 given as;
𝑀 𝑘 𝑘
𝑅𝑅 = 𝑤 1 2
𝜌𝑐𝑘 𝑘1 +𝑘2

𝑘1 = 𝐴 exp �−

𝐸

𝑘𝑇

�,

𝑘2 = 𝑐𝑝 𝜇𝑘 𝑝𝑉

(25)
A, cp are empirical constants,
E -activation energy of the rate limiting chemical step
P - applied polishing pressure
T - reaction temperature
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